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SUGGESTED SHORT TITLE: 
NITROGEN DYNAMICS IN A HYBRID POPLAR PLANTATION 
ABSTRACT 
Hybrid poplars are fast-growing trees, well-suited for the production ofbioenergy and 
wood products. They are often planted on marginal agriculturallands where soil fertility 
is low. The application ofnitrogen (N) fertilizers is expected to replenish soil N reserves 
and support hybrid poplar productivity throughout the short-rotation growth period. The 
objective of this thesis was to assess the effect of two organic N fertilizers, papermill 
biosolids and pig slurry, on tree growth, nutrient uptake and soil fertility in a Popu/us 
trichocarpa x Popu/us de/toides hybrid poplar plantation. l also evaluated how these 
organic amendments influenced N transformation rates and denitrification losses. Hybrid 
poplar growth was greater when trees were fertilized with mixed biosolids: pig slurry 
fertilizer treatments compared to biosolids or pig slurry alone. Assessment of foliar 
nutrition with the critical value approach (CV A) and compositional nutrient diagnosis 
(CND) methods revealed that foliar N and P concentrations were limiting to tree growth. 
Vector analysis (VA) reflected growth responses in fertilized trees, relative to an 
unfertilized control, but may not be useful as a diagnostic tool due to the indeterminate 
growth habit ofhybrid poplars. Nevertheless, surface application ofpapermill biosolids 
and pig slurry had the potential to improve soil fertility by increasing soil pH and 
extractable nutrients in the hybrid poplar plantations. Nutrient use efficiency (NUE) was 
greater in plots receiving the mixed biosolids:pig slurry treatment than biosolids or pig 
slurry alone. Laboratory incubations and 15N isotope pool technique revealed that pig 
slurry was a source of readily-mineralizable None month after fertilizer application, and 
stimulated the gross nitrification rate and immobilization, while papermill biosolids 
contributed to a larger mineraI N pools at the end of the season. Our results suggest that 
denitrification will be greater in biosolids-treated soils, which have a higher extractable 
Ca concentration and soil pH, as well as more N03-N and available C for denitrifiers. 
Further investigation under field conditions would help us to evaluate the N 
transformations and losses mediated by microbial activities following organic fertilizer 
application in a hybrid poplar plantation. 
l 
RÉSUMÉ 
Les peupliers hybrides ont une croissance très rapide et sont destinés à la production du 
bois et de la bioénergie. Ils sont souvent plantés sur des terres agricoles mais marginales 
et peu productives. L'application des fertilisants azotés sont supposés réapprovisionner 
les réserves d'azote dans le sol pour maintenir une croissance optimale des peupliers 
hybrides tout au long d'une rotation sylvicole. L'objectif de cette thèse était d'évaluer 
l'effet de deux fertilisants organiques, les biosolides issus de l'industrie papetière et les 
lisiers de porc, sur la croissance des arbres, l'assimilation des nutriments ainsi que la 
fertilité du sol dans une plantation de peupliers hybrides de Populus trichocarpa x P. 
deltoides. Nous avons aussi évalué l'effet de ces fertilisants organiques sur les taux de 
transformation d'azote (N) du sol ainsi que les pertes de N engendrées par la 
denitrification. Une plus grande croissance des peupliers hybrides a été observée lorsque 
les deux formes de fertilisants ont été appliquées en mélanges. Les diagnostiques 
foliaires, soit CVA (critical value approach) et CND (compositional nutrient diagnosis), 
ont révélé que le Net P étaient en déficience, ce qui laisse entrevoir qu'il est peut-être 
possible d'augmenter les rendements encore davantage. Bien que le VA (Vector analysis) 
a permis de constater une augmentation de croissance des peupliers, toutefois, cette 
méthode de diagnostic foliaire employée n'est pas évidente vu la croissance non 
determinée des peupliers. L'application en surface et sans incorporation des biosolides 
issus de l'industrie papetière et de lisiers de porc avait aussi amélioré le pH, les 
concentrations de certains éléments nutritifs ainsi que les taux de nitrification. 
L'efficacité de l'utilisation du N (NUE) était plus élevée lorsque les deux formes de 
fertilisants ont été appliquées en mélanges. Suite aux différentes incubations au 
laboratoire ainsi qu'à la technique d'isotope 15N utilisées, le lisier de porc s'est révélé 
comme une source immédiate d'azote minéralisable et avait stimulé les taux bruts de 
nitrification et d'immobilisation. Quant aux biosolides, ils ont contribué à un plus grand 
réservoir de N à la fin de la saison et ont augmenté le taux de dénitrification. Ceci 
pourrait être relié à la teneur élevée du sol en Ca assimilable, au pH du sol ainsi qu'à la 
présence de nitrate et du carbone soluble pour les dénitrifiants. Nous recommandons que 
les recherches futures tentent d'évaluer les pertes de N au champ suite à l'épandage des 
fertilisants organiques dans une plantation de peupliers hybrides. 
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PREFACE AND CONTRIBUTION OF AUTHORS 
This thesis consists of 5 chapters, preceded by a general introduction, and followed by a 
contribution to knowledge and a general conclusion sections. The tirst chapter is the 
literature review, which summarizes the results of other studies and presents the research 
questions and objectives. The experiments and results are presented in Chapters two to 
tive, which are written in a manuscript format according to the guidelines of the Graduate 
and Postdoctoral Studies Office. Connecting paragraphs between these chapters are used 
to clarify the linkage between manuscripts. Finally, the General Conclusions provide a 
surnrnary of the key findings of this thesis and areas for further research. 
AlI manuscripts are co-authored by the candidate, Joann Whalen, Robert Bradley and 
Claude Carniré. The candidate was fully responsible for designing and conducting the 
experiments, completing the data analysis and writing the manuscripts. The community . 
level catabolic profiles of soil microflora, included in Chapter 3, were analysed by 
workers in Dr. Bradley's lab and included to give additional detail about the diversity and 
composition of soil microbial communities as affected by fertilizer application in the 
hybrid poplar plantation. 
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papermill biosolids and pig slurry improve soil quality and growth of hybrid poplar 
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GENERAL INTRODUCTION 
In order to meet the increasing wood demand with a dwindling forested land base, there 
has been growing interest in deve10ping productive short-rotation tree plantations. 
Populus spp. is a primary candidate for short-rotation plantations, due to their fast 
growth and breeding programs devoted to improving yie1d and quality parameters. 
Accordingly, Canada's interest in allocating more lands to poplar production had risen 
to 14.3 thousand ha by the year 2002. In the absence of environmental constraints and 
presence of favorable cultural conditions, fa~t-growing hybrid poplars can reach 
harvestable size in 10-15 years. 
Most hybrid poplar plantations in Québec are established on marginal or degraded 
agriculturalland with low inherent soil fertility and other production constraints. 
Adding fertilizers to provide N and other nutrients is necessary to achieve high biomass 
production, and maintain or improve the overall soil fertility in the plantation. Research 
is currently underway to revise fertilizer recommendations in terms of rates and 
frequencies of application. This will ensure a good health and productivity of short-
rotation plantation, optimize economic retums without jeopardizing environmental 
quality. The growth responses ofhybrid poplars to a variety of mineraI fertilizers have 
been documented. Yet, few researchers have evaluated how organic N fertilizers may 
increase poplar biomass production. 
The application of organic fertilizers on agricultural soils is gaining worldwide 
support and is considered an economical practice that aims at reusing waste material, 
while providing a source of essential plant nutrients for crops. Many studies have 
considered organic fertilizers to improve soil physical and chemical properties, and 
1 
promote plant growth. However, it is more complicated to use organic N sources to 
fertilize poplars since these materials must decompose before plant-available N (NH4-N, 
N03-N) is released and assimilated by the growing trees. This is challenging because N 
release depends on concurrent N transformation processes mediated by soil microbial 
communities. Understanding the pattern ofN release from surface-applied fertilizers, 
relative to plant growth, is essential to maximize the N-use efficiency and prevent 
unnecessary loss ofN to the environment. 
Potential organic fertilizers for hybrid poplars are papermill biosolids and pig slurry, 
both being produced in large quantities in Québec. The aim ofthis project is to assess 
the effect of these two organic N fertilizers on hybrid poplar growth, nutrient uptake, 
soil microbial activity and soil fertility. This project will also evaluate how these 
organic amendments influence N transformations (mineralization, nitrification) as well 
as N loss via denitrification from a hybrid poplar plantation. 
2 
CHAPTER 1. LITERA TURE REVIEW 
1.1 Hybrid poplars in short-:rotation forests 
Short-rotation forestry (SRF) systems are high yielding silvicultural systems that consist 
ofplanting fast-growing tree species and harvesting them at regular intervals. Of the 
tree species investigated, Po pu/us spp. performed the best in SRF. Traditional breeding 
programs, which involve se1ecting and propagating the most productive individuals, 
were launched in the 1970s. Further work on interspecific and intraspecific 
hybridization led to the production ofhybrid poplar clones such as Popu/us trichocarpa 
x Po pu/us de/toides (T x D hybrids), the clone ofinterest in my research study. 
1.2 Hybrid poplars 
1.2.1 Biology and ecology 
The T x D hybrid poplar is an FI hybrid that was cloned from Po pu/us trichocarpa, the 
black cottonwood, and Po pu/us deltoides, the eastem cottonwood (Stanturf et al., 2001). 
The T x D hybrid poplar clone 3225, is a Be1gium T x D, crossed by Victor Steenackers 
and was cloned between the female Popu/us trichocarpa 'Fritzi Pauley' and the male 
Popu/us deltoides S.1-173 = (P. de/toides V.5 of Iowa x P. deltoides V.9 of Missouri) 
(Mertens, 2003; IPe, 1998). 
The morphological characteristics ofT x D hybrid clones deemed to be important in 
North America have been described by Eckenwalder (2001). According to Ridge et al. 
(1986), P. trichocarpa and P. de/toides provided large cell characteristics and large cell 
numbers traits to their FI hybrids, so the leaves ofT x D hybrids are approximately 
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twice as large as the leaves of their parents. In addition, the tallest poplar species, P. 
deltoides, can have an annual height increment exceeding 3 m il when grown on very 
good sites, while P. trichocarpa grows about 1.6 mil. Based on data from Stanturf et 
al. (2001), the above ground annual biomass production averages 2.05 Mg ha-l il for P. 
deltoides and 1.92 Mg ha-l il for P. trichocarpa. According to Pellis et al. (2004), the 
annual biomass production of six T x D hybrid clones ranged from 3 to 8 Mg ha-l il. It 
takes 7 to 10 years for hybrid poplars to reach harvest size, depending on the biotic and 
abiotic factors influencing growth at the site (Stanturf et al., 2001). 
1.2.2 Effect of environmental conditions on growth of T x D hybrids 
Growth performance and survival of T x D hybrids can be limited by abiotic and biotic 
factors. Therefore, it is important to consider and evaluate the factors that might impede 
poplar growth and production, such as climate, site characteristics and hydrology, soil 
type, and pests. 
It is essential to assess soil properties when selecting sites for Populus plantations. 
Medium textured (loamy) soils with high CEC are considered favorable for poplar 
production. Poplars require well-aerated soils with good water holding capacity to grow 
weIl (Van Oosten, 2004). Optimum soil pH is between 5.5 and 6.0 (Camiré and 
Brazeau, 1998). It should be noted that these fast-growing trees require large quantities 
of N, balanced with other nutrients, to support their high productivity throughout the 
short-rotation period. It is crucial to replenish soil N reserves in order to achieve 
sustainable growth ofhybrid poplars (Heilman et al., 1996). 
1.2.3 Nitrogen fertilizers to increase hybrid poplar production 
Nitrogen is an essential component of amino acids and nucleotides, the building blocks 
of proteins and genetic materials of aIl living things. Therefore it is considered a major 
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element needed for plant growth and production. In their review, Heilman and Norby 
(1998) noted that biomass production is related to annual N uptake. It is weIl 
documented that the fast-growing T x D hybrid poplars assimilate large quantities ofN 
during frost-free periods; although some ofthis N is recycled in leaflitter, the majority 
ofthe N taken up is stored in tree structural components (twigs, trunk, roots) (Ericsson 
et al., 1992). 
According to the Québec fertilizer recommendations book (CPVQ, 2000) field 
grown deciduous trees and shrubs should receive 35 kg N ha-I at the start of growth. As 
of the 2nd year and every year thereafter, according to CPVQ (1986), they should 
receive 150 kg N ha-Iyeaf l . Yet this may be insufficient for hybrid poplars. Heilman 
and Stettler (1986) suggested that the amount ofN required by 4 years old P. 
trichocarpa x P. deltoides species averaged 271-276 kg ha-I yr-I. While in their study, 
Brown and van den Driessche (2002) applied six different fertilizers at rates supplying 
about 0, 17.5, or 35 kg N ha-I to Populus species. 
These N requirements are based on trials with inorganic N fertilizers. However, few 
studies have evaluated the use of organic amendments and estimated the application 
rates that would suppl y the N required for biomass production while minimizing the 
risks of environmental pollution (Heilman and Norby, 1998; Lee and Jose, 2005). 
Therefore it is crucial to evaluate the quantity of plant-available N provided by surface 
application ofboth papermill biosolids and pig slurry, the organic N amendments that 
will be used in this study. 
1.2.4 Leaf and stem growth 
Leaf size and mass are affected by the hybrid poplar species and the clone selected, the 
genetic configuration of the hybrid poplar, and nutrient availability. A strong correlation 
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between leaf size (area and weight) and tree productivity was reported by Harrington et 
al. (1997) for Populus clones with different fertilization regimes. N fertilization (200 kg 
N ha-1) induced a 1.8 fold increase in leaf area above the control in T x D hybrid poplars 
as observed by Van den Driessche (1999), 
Tree parts other than leaves are also affected by N fertilization. The N in trees is 
required for protein synthesis and photosynthesis, fundamental pro cesses that lead to C 
accumulation and growth in all parts of the tree (Dickmann et al., 2001). Woody 
biomass accumulation is proportional to annual N uptake in poplar plantations (Heilman 
and Norby, 1998). In his study, Van den Driessche (1999) showed that increasing N 
applications to T x D hybrid trees increased stem height 1.6-fold above the control, and 
stem volume by 4.3-fold above the control, indicating a positive relationship between N 
fertilization and tree growth parameters. 
1.2.5 Foliar nutrient concentrations 
Supplying N fertilizer increased the foliar N concentration ofT x D hybrids from 25 to 
32.5 mg N g-1 (Ripullone et al., 2004; Heilman and Norby, 1998) during the growing 
season. The high N proportion in the leaf explains the fundamental role of this element 
in increasing the photosynthetic activity through the formation of the photosynthetic 
enzyme Rubisco (Heilman et al., 1996; Ripullone et al., 2004; Dickmann et al., 2001). It 
is apparent that N fertilization enhanced leafN uptake (measured as positive differences 
in content between control and treated leaves) (Van den Driessche, 1999) and leafN 
concentration, leading to an increase in woody biomass N content (Heilman ad Norby, 
1998). Applying N fertilizers also improves foliage nutrient uptake ofP, K, Ca, Band 
Mg (Van den Driessche, 1999). 
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1.2.6 Foliar nutrient concentration diagnosis 
Because tissue nutrient status is a critical determinant of plant performance, its 
assessment permits managers to identify and correct nutrient deficienCies or excesses. 
Nutrients are often monitored in agriculture and forestry using diagnostic tools, such as 
the Critical Value Approach (CVA) (Ulrich and Hills, 1967), the Compositional 
Nutrient Diagnosis (CND) (Parent et al., 1994), and Vector Analysis (VA) (Timmer, 
1985). These tools can be used to detect nutrient deficiencies and also rank nutrient 
deficiencies in the order that they contribute to yield limitation (Haase and Rose, 1995). 
The CV A is a univariate approach whereby a single nutrient concentration of the 
plant under diagnosis is compared with predetermined deficiency or sufficiency value 
ranges, disregarding nutrient interactions. Unless the comparison is made on plants of 
comparable stages of growth and development, the variability of the nutrient 
concentrations associated with plant cultivar, leaf age, position of foliage sampled, 
seasonal differences and site characteristics can pose critical constraints to the CV A 
diagnostic precision (Sumner, 1977). 
The CND method accounts for the multivariate nature of nutrient interactions (Parent 
et al., 1994), ensuring that the variation in one element alters the proportion of the 
others (Aitchison, 1986) and thus overcomes a limitation of the CVA method. The CND 
indices provide a ranking of nutrients in the order of yield limitation, while accounting 
for the optimum nutrient balance for the plant. The CND method was developed as a 
diagnostic tool for agricultural crops (Parent and Dafir, 1992) and a few tree species 
(Parent et al., 1995; Schleppi et al., 2000). CND indices for hybrid poplar have recently 
been calculated (W. René et al., unpublished data), which allows us to diagnose nutrient 
imbalances in hybrid poplar foliage with this method. VA is a technique that allows a 
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comparison of nutrient concentration, nutrient content and biomass of plant components 
in a graphic format (Timmer 1991). There is no need for preestablished critical ranges 
or ratios to interpret the diagrams generated (Swift and Brockley, 1994) which provides 
an advantage of the VA over the other diagnostic tools. 
1.3 Organic N fertilizer sources 
1.3.1 Papermill biosolids 
1.3.1.1 Papermill biosolids production 
Papermill biosolids are solid wastes generated during treatment ofwastewater from the 
pulping and papermaking processes. About ten million tonnes of pulp and paper are 
being produced annually in Québec (Lavallée, 1996; Reid, 1997). In 1997, Québec 
paper-mills generated approximately 1.8 million metric tones (wet weight) ofbiosolids 
from the 1 ° and 2° treatments of wastewater, as weIl as de-inking pulp (Désilets, 2000). 
Surveys conducted in 1997 by the Québec Ministry of Environment found that 
papermill biosolids were managed by: burying (46.6%), combustion for energy 
purposes (22.9%), composting (11.9%) farm use (13%) and other uses (5.5%) (Désilets, 
2000). According to Reid (1997), the management of papermill biosolids is similar in 
other parts of Canada and the US as in Québec. It is reported that landfill capacity to 
accept papermill biosolids is limited and there is an increasing interest in landspreading 
papermill residuals (Feldkirchner et al., 2003). Presently, individuals wishing to 
landspread papermill residues in Québec need an authorization certificate issued by the 
Québec Ministry ofthe Environment. Numerous analyses indicate the importance of 
this residue as an organic amendment that can improve soil physical and chemical 
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properties, and as high quality fertilizer that can generally increase plant production 
(N'Dayegamiye, 2000). 
1.3.1.1 Agronomie value ofpapermill biosolids 
The OM, C:N ratio and nutrient concentration of papermill biosolids vary with the 
pulping and paper manufacturing processes, the microbial activities added during the 
treatments (Feldkirchner et al., 2003) and the nutrients added. Typical values are 
provided in Appendix 1. 
There are few studies that discuss how papermill biosolids applications may affect 
hybrid poplar growth. A greenhouse study conducted by Cavaleri et al. (2004) showed 
that tree parameters (biomass and volume) were improved when hybrid poplars were 
fertilized with biosolids and other waste materials. Populus spp. that received a 
combination ofbiosolids and ash had a greater biomass (shoot dry mass, total dry mass, 
volume index) than unfertilized trees (Feldkirchner et al., 2003) in nutrient limited 
forest stands. In addition, leafN content was greater in trees receiving papermill sludge 
than no fertilizer (Feldkirchner et al., 2003). However, plants receiving paper sludge 
sometimes have a lower N tissue content than unfertilized plants, which may be due to 
N dilution effect (Fierro et al., 1999) or may be due to the slow rate of N mineralization 
in biosolids during the early growth stages (Feldkirchner et al., 2003) when a greater 
proportion of the N absorbed by the plant is translocated to the leaves. 
Research by Hébert and Gagné (2003) showed that approximately 25% of the total 
N in biosolids harvestable size) will be plant-available during the 1 st year of plant 
growth. The rate ofN release from biosolids in subsequent years is not known. 
Therefore, long-term field trials are needed to assess the potential for using papermill 
biosolids as an N fertilizer for hybrid poplars. 
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1.3.2 Pig slurry 
1.3.2.1 Pig slurry production 
The 2004 inventory ofhogs on Canadian farms showed the total herd to be 14.8 million 
head, ranking the Canadian pork industry among the world leaders (USDA, 2004). Pig 
farms in Canada produce millions ofmetric tonnes ofliquid and solid wastes each year. 
The volume of slurry generated from a farm with 2000 pigs was estimated to be around 
About nine million cubic meter of pig slurry are spread annually on Québec 
agricultural1ands (Chantigny et al., 2004). However, the production oflarge quantities 
of slurry exceeds the areas of agriculturallands capable of using it as a fertilizer 
(Rochette et al., 2004). This led to an increasing concem of pig slurry disposaI and to 
recognition of its contribution to land, water and air contamination (Williams, 1995). 
Therefore, the province of Québec started to control N, P, and odor pollution eminating 
from hog and other livestock facilities by requiring aIl producers to prepare 
agroenvironmental fertilization plans for their operations, beginning in 1997 (Fédération 
des producteurs de porcs de Québec, 1999). 
1.3.2.2 Agronomie value ofpig slurry 
Pig slurry contains essential nutrients such as N, P, K, Ca, Mg, S, and trace elements for 
plant growth (Sanchez and GonzMez, 2005). The density, organic matter, dry matter 
content and the nutrient content vary with the animal physiological condition (size, 
production stage) as weIl as with the management practices (water, type offeed). 
Typical values are provided in Appendix 2. 
Pig slurry can be used as an N fertilizer in place of inorganic fertilizers when sorne 
assumptions are made about the N fertilizer value of the slurry, according to the soil 
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type, method and timing of application and crop N requirements. It can be noted that 
plant growth is large1y affected by N availability in the soil, since plants readily 
assimilate NH4-N. Most of the N input from pig slurry is available in the NH/ form 
(Sommer and Husted, 1995), and it is like1y that the graduaI decrease ofNH4 + in the soil 
detected after pig slurry application is due to plant uptake (Sherlock et al., 2002) or to 
the N losses via NH3 volatilization and denitrification (Rochette et al., 2001). 
However, nitrogen losses through leaching will occur when pig slurries are applied 
at rates exceeding the recommended levels (Daudén and Quilez, 2004). Most of the 
research on using pig slurry as a fertilizer has focused on the growth and yie1d of few 
agricultural crops. l am not aware of published reports showing how pig slurry may 
affect the growth ofhybrid poplars. 
1.4 Soil nitrogen transformations in hybrid poplar plantations receiving nitrogen 
fertilizers 
Although nitrogen is abundantly present in the atmosphere (air contains 78 % N2), it 
cannot be used by higher plants until it is fixed and chemically transformed into 
ammonium or nitrate inorganic compounds that plants can metabolize (Tisdale et al., 
1995). 
1.4.1 Soil N cycle 
N is cycled between the hydrosphere, lithosphere, atmosphere, and biosphere, and 
transformed into various chemical forms. A series of complex biochemical reactions 
occur in the N cycle, including nitrogen fixation, immobilization and mobilization of 
soil nitrogen, and several gaseous transformations including ammonia volatilization and 
denitrification (Tisdale et al., 1995). Nitrogen added to the soil-plant system can be 
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taken up by plants in the form of amlnonium or nitrate which are needed by allliving 
plants and animaIs to build proteins. It may also be lost from the soil-plant system to N 
transport and loss from soils as it is leached to surface a~d groundwater systems or 
volatilized (denitrification) (Tisdale et al., 1995; Sylvia et al., 1998). 
1.4.2 InternaI N cycle 
InternaI N cycling includes N mineralization (ammonification and nitrification) and 
immobilization. These processes are mediated by microbial activities that oxidize and 
reduce nitrogen rendering it either available (inorganic N) or unavailable (organic N) 
for plant uptake. 
1.4.2.1 Nitrogen mineralization 
Nitrogen mineralization or ammonification is a biochemical transformation of organic 
nitrogen to inorganic nitrogen forms. The process involves a microbial degradation of 
amino acids, amino sugars and nucleic acids liberating a byproduct, the ammonium ion 
(Sylvia et al., 1998). Soil nitrogen mineralization is conducted by a diverse population 
of aerobic and anaerobic bacteria, fungi, and actinomycetes (Tisdale et al., 1995). The 
organic nitrogen polymers are metabolized into ammonium-N by extracellular and 
intracellular enzymes produced by heterotrophic soil microorganisms and soil animaIs 
in need for energy and carbon (Sylvia et al., 1998; Tisdale et al., 1995). 
Soil nitrogen mineralization is greatly affected by substrate quality and chemical 
composition (C:N ratio <20:1, N content, lignin and cellulose content), and organic 
matter fraction ofthe soil (Christensen, 1985; Parr and Papendick, 1978; Vigil and 
Kissel, 1991). It has been found that mineralization increases with decreasing C:N ratio 
(Vigil and Kissel, 1991). In addition mineralization increases. with increasing 
temperature (Tisdale et al., 1995). Soil moisture influences N mineralization by 
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affecting 02 diffusion within the soil as well as water availability, both important for 
microbial respiration and activity (Sierra, 1997). 
It is important to differentiate between net N mineralization and gross N 
mineralization. The net N mineralization rate serves an index of the pool ofsoil NH4-N 
available to plants. It represents the difference between gross ammonium production 
and other N consumptive processes (e.g. immobilization, nitrification, plant uptake, 
gaseous losses and leaching) (Cookson et al., 2002). On the other hand, gross 
mineralization is considered an individual N mineralization process quantified based on 
the rate at which microorganisms mineralize soil organic N to NH4-N. An isotope 
dilution (15N) and enrichment procedure is therefore used to measure the gross N 
mineralization rate (Cookson et al., 2002). 
1.4.2.2 Nitrification 
Nitrification is a 2 step respiratory process during which ammonium (NH4 +) or organic 
N are oxidized into nitrite (N02-) and nitrate (N03-) respectively (Sylvia et al., 1998). 
Ammonia oxidation, the 1 st nitrification step, is carried out mainly by autotrophic 
ammonia-oxidizing bacteria (Nitroso-genera) in soil: Nitrosomonas, Nitrosococcus, 
Nitrosospira, and Nitrosolobus. As for nitrite oxidation, the 2nd step in nitrification 
process is mediated by nitrite-oxidizing bacteria. These include Nitro-genera in the soil 
in addition to a broad variety of microorganisms (bacteria, actinomycetes and fungi). 
Most of these bacteria are chemoautotrophs, using the N oxidation as an energy-
producing reaction, and using C02 for a C source. Sorne are heterotrophs, using organic 
C sources, but very little nitrification is typically conducted by heterotrophs (Sylvia et 
al., 1998). In either case, nitrification is dependant on the presence of C or N sources. 
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Considerable research has shown that this process is influenced by factors, such as 
temperature, soil moi sture content, aeration and pH, which are among the major 
environmental factors that limit nitrification in soils. An increase in temperature 
increases nitrification, whereas low temperatures « 1 0 OC) limit autotrophic nitrifiers 
population and activity (Cookson et al., 2002). Nitrification takes place in weIl aerated 
soils and in conditions where the optimum water content is suitable for most aerobes 
(Tisdale et al., 1995). Nitrification rate is favored at pH 8.5 (Tisdale et al., 1995), but is 
very sensitive and almost negligible at low pH «4.5). The composition and availability 
of substrates are important in monitoring hetrotrophic nitrification. A study conducted 
by Bengtsson et al. (2003) on forest soils showed a negative relationship between 
nitrification rate and the C:N ratio. Soils with a low C:N ratio and high inorganic N 
levels will exhibit positive net nitrification. 
It is important to differentiate between net N nitrification and gross N nitrification. 
Net nitrogen nitrification rates represent the pool of soil N03-N available in the soil 
solution. It represents the difference between gross nitrate production and other N 
consumptive processes (e.g. immobilization, denitrification, plant uptake, gaseous 
losses and leaching) (Cookson et al., 2002). However, gross nitrification indicates the 
rate at which microorganisms nitrify NH4-N to N03-N. The 15N pool dilution method is 
therefore used to measure gross N mineralization rate (Cookson et al., 2002). 
1.4.3 N losses 
Knowledge that N03-N lost from the soil-plant system is transported to the underground 
and surface waters and to the atmosphere is leading scientists to develop strategies to 
manage this nutrient. My research study focuses on N losses to the atmosphere via 
denitrification 
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1.4.3.1 N loss through denitrification 
Nitrogen is lost to the atmosphere in the form of gaseous nitrogen products (N2 and 
N20) through denitrification. Nitrate is the form of nitrogen biochemically transformed 
through denitrification. Under conditions of limited 02 suppl y, nitrate is used by the 
respiring denitrifying bacteria as an alternate electron acceptor. The anaerobic process is 
mediated by a sequence of denitrifying enzymes that catalyze the transformation of 
nitrate into reduced forms (Tisdale et al., 1995; Sylvia et al., 1998). 
Various prokaryotes are able to carry out respiratory denitrification. The most 
common denitrifying bacteria are primari1y facultative anaerobic heterotrophs that grow 
in the absence of O2. Among the diverse taxonomic groups invo1ved are species of 
Alcaligenes, Bacil/us, Flavobacterium, and Pseudomonas, heterotrophic bacteria 
capable of complete reduction of nitrates and nitrites, to nitrous oxides and dinitrogen 
gas (Sylvia et al., 1998). Other groups capable of denitrification include autotrophic 
bacteria, aerobic bacteria and fungi (Sylvia et al., 1998). The formation of anaerobic 
conditions followed by the availability of nitrate and carbon sources are the most 
important factors controlling denitrification in addition to temperature, soil pH and the 
presence of denitrifying organisms ready to assimilate nitrate (Tisdale et al., 1995, 
Sylvia et al., 1998). 
The most harmful product from denitrification is nitrogen oxide, an intermediate gas 
(Well et al., 2003) that disperses in the atmosphere, diffuses into thestratosphere and 
lasts for over a hundred years (Robertson, 1993; IPCC, 1996). N20 is increasing by 
about 0.2-0.3% per year (NERC, 2001) and it contributes to the depletion ofthe 
stratospheric ozone layer. Moreover, this gas contributes to global warming since each 
N20 molecule is 200-300 times more powerful than CO2 "the greenhouse gas". The 
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increase in denitrification and N20 emission in the atmospher~ might be c10sely related 
to the increasing application of either mineraI or organic fertilizers that create a nutrient 
rich environment (Sanchez and GonzMez, 2005; Chabot, 2000) and stimulate microbial 
colonization and activity (Camberato et al., 2006). 
Paul and Zebarth (1997) mentioned that denitrification losses are higher in soils 
fertilized with manure compared to those fertilized with inorganic N sources. Therefore 
application of organic wastes (e.g. pig slurry) that contain large amount of mineraI N 
and available organic carbon may maximize N20 losses from denitrification (Rochette 
et al., 2004; Paul and Zebarth, 1997; Heilman and Norby, 1998). Again incorporation of 
high organic C inputs such as papennill sludge in a soil with high available N03-N was 
found to increase N20 emissions compared to low C vegetable residue treatments 
(Baggs et al., 2002). 
It is important to consider effective management practices that reduce N20 
production. Since most ofN20 emission to the atmosphere is linked to denitrification, 
measures should be taken to control this biological process. According to studies, 
denitrification is stimulated when conditions of rewetting after a precipitation or a 
spring thaw and of carbon availability prevail (Rochette et al., 2004; Sherlock et al., 
2002). It is important to examine the c1imatic conditions, soil factors and crop nutrient 
demands throughout the season. The infonnation will help in choosing fertilizer sources 
that pro duce little N20 and consider the best time for fertilizer application, to coincide 
with periods ofhigh nutrient uptake by plants and to avoid periods that favor 
denitrification losses. There have been relatively few studies to measure denitrification 
in SRFs, and generally the N20 losses are expected to be negligible. In their review, 
Heilman and Norby (1998) reported high denitrification los ses (150 kg N ha- l il) from 
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an SRF plantation receiving N fertilizers that usually guarantee high soi1 fertility 1eve1s. 
Further research into denitrification in SRF systems is needed. 
1.5 Research questions and hypotheses 
The objectives of this research project are: 1) to use local organic fertilizers to increase 
hybrid pop1ar production and assess their impacts on the nutrient status of the Populus 
trichocarpa x Populus deltoides plantation using diagnostic too1s; 2) to determine the 
influence of 1andspreading organic fertilizers on soil fertility and microbia1 activity in a 
hybrid pop1ar plantation; and, 3) to eva1uate N dynamics and 10sses in soils from a 
fertilized hybrid poplar plantation. The following research questions and hypotheses 
will be answered and tested during the course ofthis project. 
Research question 1: Will organic fertilizers increase hybrid poplar growth and to what 
extent they will affect plant nutrition? 
We hypothesize that applying papermill biosolids and plg slurry together would 
increase hybrid poplar growth and foliar nutrition more than each of these wastes alone, 
when surface applied and unincorporated. 
We also hypothesize that eND method would provide more insight into the nutrient 
value of organic fertilizers (mixed versus single source) because this method considers 
multivariate nutrient ratios and provides a good representation of the compositional 
nature of foliage. 
Research question 2: What contribution do landspreading of organic fertilizers provide 
to soil nutrient pools and microbial activity in a hybrid poplar plantation? 
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We hypothesize that surface application of papermill biosolids and pig slurry together 
would be more effective at improving soil fertility (plant-available nutrients) than each 
of these wastes alone. 
We also hypothesize that organic fertilizers would increase soil microbial biomass and 
activity relative to inorganic fertilizer and unfertilized treatments. 
Research question 3: Are N transformations and potential denitrification losses in the 
hybrid poplar plantation affected by the application of organic fertilizers? 
We hypothesize that N mineralization and nitrification rates will be affected by the CIN 
ratio and other characteristics of the organic fertilizer source. A N-rich fertilizer like pig 
slurry will stimulate denitrification rates early in the growing season, while soils 
receiving C-rich papermill biosolids will have greater denitrification rates at the end of 
the season. 
18 
CHAPTER 2. FOLIAR NUTRITION AND GROWTH OFA HYBRID 
POPLAR PLANTATION RECEIVING ORGANIC FERTILIZERS 
2.1 Abstract 
Hybrid poplars are fast-growing deciduous trees that are suitable for use in short-
rotation forests. Plantations on marginal lands with low soil fertility are expected to 
benefit from nitrogen (N) fertilizer applications. This two-year study examined the 
effect ofN fertilizers on tree growth and foliar nutrition in a Populus trichocarpa x 
Populus deltoides plantation located in southwestern Québec. The N fertilizer 
treatments included a control (no N fertilizer), inorganic fertilizer (35 kg N ha-1), 
organic fertilizers applied at 65-70 kg N ha-1 and organic fertilizers applied at 130-140 
kg N ha-1• The organic fertilizers were papermill biosolids alone, pig slurry alone and 
two combinations of papermill biosolids and pig slurry. Trees receiving the mixed 
papermill biosolids and pig slurry treatments were taller, had larger diameters and 
greater N contents in foliage than trees that received biosolids or pig slurry alone. 
Foliage contained less than the expected N and phosphorus (P) concentrations, 
according to the critical value approach. Suboptimal N and P concentrations in foliage 
were confirmed by compositional nutrient diagnosis (CND), which also revealed that 
the nutrient imbalance in foliage was negatively correlated with annual tree growth in 
height (r=-0.46, P<0.05) and diameter (r=-0.59, P<0.05). The CND method holds 
promise for diagnosing nutrient limitations and predicting growth responses to 
fertilization in hybrid poplar plantations. 
Keywords: Populus trichocarpa x Populus deltoides, organic fertilizers, height, 
diameter, foliar nutrient analysis and diagnosis. 
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2.2 Introduction 
In Canada, 14.3 thousand hectares of short-rotation forests have been planted with 
hybrid poplar, a fast-growing species that is harvested for bioenergy, fiber and wood 
products. More than 20% of these hybrid poplar plantations are grown in Quebec, 
replanted in forests and established on marginal agriculturalland (Labrecque and 
Teodorescu, 2003). Sites with low inherent soil fertility require fertilization, especially 
with N, to achieve optimal hybrid poplar growth (Heilman et al., 1996; Dickmann et al., 
2001). The growth response ofhybrid poplar to different inorganic N fertilizers (IF) has 
been well documented (Brown and van den Driessche, 2002, Cooke et al., 2005). There 
is Httle information on using organic fertilizers (OF) to supply N for hybrid poplars, 
although plantations on agriculturalland could receive N-rich OF from nearby 
industries and farms. 
One such OF is papermill biosolids, generated during treatment of wastewater from 
the pulping and papermaking processes (Désilets, 2000). Applying papermill biosolids 
to meet the N requirements ofhybrid poplars should also provide ample P, K and Ca, a 
nutrient in particularly high demand by poplars (Alban, 1982; Lamarche et al., 2004). 
Another abundant OF is liquid pig slurry, of which nine million cubic meters are spread 
annually on Québec agriculturallands (Chantigny et al., 2004). Pig slurry is rich in 
mineraI N with about 50% or more present as NH4+-N (CRAAQ, 2003) and contains 
substantial quantities of other macro- and micro-nutrients required for plant growth 
(Sanchez and GonzaIez, 2005). 
Because tillage operations can damage tree roots, OF are normally land applied and 
left on to the soil surface in tree plantations. This practice makes it challenging to 
estimate the nutrient value from OF. Leaving lignin-rich papermill biosolids on the soil 
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surface is expected to reduce the decomposition and nutrient mineralization resulting 
from soil microfaunal activities (Entry et al., 1996). Pig slurry left on the soil surface is 
more susceptible to N loss via volatilization and runoffthan when it is injected or 
incorporated into the soil by tillage within a day or two of application (Rochette et al., 
2001). One way to conserve the Nin pig slurry and stimulate N mineralization from 
papermill biosolids could be to apply them together. In a one-year field trial, co-
composted papermill biosolids and pig manure improved soil biochemical properties 
(e.g. enzymatic activities and microbial biomass carbon) and increased potato crop yield 
by 2.5 times over the unfertilized control (Lalande et al., 2003). We hypothesized that 
applying papermill biosolids and pig slurry together would increase hybrid poplar 
growth and improve fohar nutrition more than each of these wastes alone, when surface 
applied and unincorporated. 
The growth of a hybrid poplar (increase in height, diameter and volume) is a clear 
indication ofits performance and response to OF. Although hybrid poplars are expected 
to pro duce about 8 to 15 m3 ha-l il in Quebec (Réseau Ligniculture du Québec, 2007), 
information is often lacking on the growth potential of specific clones, and how they are 
affected by edaphic and climatic stresses (Van Oosten, 2000). Foliar nutrition can be 
used as a general indicator of tree performance, to determine whether nutrients are 
present in sufficient quantities for proper functioning, to diagnose nutrient imbalances 
and to compare experimental treatments, such as fertilizer sources and application rates. 
The critical value approach (CV A) provides information on the foliar nutrient 
concentrations that are deficient, sufficient and excessive for plant production, and is a 
common diagnostic tool for agricultural crops as weIl as fruit trees (Ulrich and Hills, 
1967; Benton Jones et al., 1991). Sufficient and optimalleafnutrient requirements of 
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Populus spp. and hybrid clones were proposed by Camiré and Brazeau (1998) following 
a review of the scientific literature. The CV A method can be used to verify the accuracy 
of fertilization practices and detect nutrient deficiencies before visual symptoms are 
observed. The compositional nutrient diagnosis (CND) method was also developed as a 
diagnostic tool for agricultural crops (Parent and Dafir, 1992) and a few tree species 
(Parent et al., 1995; Schleppi et al., 2000). This multivariate method provides a ranking 
of nutrients in the order of yie1d limitation, while accounting for the optimum nutrient 
balance for the plant. CND indices for hybrid poplar have recently been calculated (W. 
René et al., unpublished data), which allows us to diagnose nutrient imbalances in 
hybrid poplar foliage with this method. Vector analysis (V A) is a method that evaluates 
foliar nutrition of trees in response to experimental treatments, such as fertilizer 
application, and tracks nutrient uptake in foliage during tree development (Timmer, 
1985; Teng and Timmer, 1990). Each ofthese diagnostic tools provides slightly 
different information, but we hypothesized that CND method would provide more 
insight into the nutrient value of OF (mixed versus single source) because this method 
considers multivariate nutrient ratios and represents the overall nutrient composition in 
foliage (Aitchison, 1986). 
The objectives ofthis study were: 1) to evaluate the effect ofpapermill biosolids 
andpig slurry, applied alone or mixed, on hybrid poplar growth and foliar nutrition; 
and, 2) to compare three diagnostic tools that could be used to interpret foliar nutrition 
as an indicator of tree performance. 
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2.3 Materials and methods 
2.3.1 Stndy site 
The study site was located on marginal agriculturalland near the town of St. Camille, 
Québec, Canada (450 40' 36"N, 71 0 44' 13"S) and was used as an unimproved hayfield 
for more than 10 years before our experiment began. The soil was an imperfectly 
drained Magog stony loam (fine 10amy, mixed, neutral, cool, perhumid Orthic Gleysol) 
on a gentle «1 %) slope (Soil Classification Working Group, 1998). The soil contained 
about 390 g sand kg-l, 320 g silt kg-1 and 290 g clay kg-1 with 30 g organic C kg-1 and 
pH water of 5.6 in the 0-15 cm depth. The site was considered tohave low soil fertility, 
based on the initial Mehlich-3 extractable nutrient levels (19 mg P kg-l, 45 mg K kg-1) in 
the 0-15 cm layer. 
2.3.2 Clone establishment 
In May 2001, the field was tilled to a 30 cm depth with a chisel plow along a north-
south axis. One-year old bare root hybrid poplar seedlings obtained from a government 
nursery (Québec Ministry of Natural Resources and Wildlife) were hand-planted at 3 m 
intervals in the plowed furrows, with 3 m spacing between rows. The trees were 
Populus trïchocarpa x Populus deltoides hybrid poplar clone 3225, a Belgium T x D 
crossed by Victor Steenackers (Grammont, Belgium). This clone is a cross between the 
female P. trïchocarpa 'Fritzi Pauley' and the male P. deltoïdes S.I-173 = (P. deltoides 
V.5 ofIowa x P. deltoïdes V.9 of Missouri) (Mertens, 2003). Vegetation growing 
between rows was controlled in June and July 2001 with the herbicide glyphosate (2.4 
kg aj. ha-1). In subsequent years, the vegetation between rows was controlled by 
mowing twice each summer. 
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2.3.3 Experimental design 
The field experiment was a randomized complete block design, with ten plots per block 
and 4 blocks, for a total of 40 experimental plots. The plots were arranged in staggered 
rows, and each 100 m2 plot contained 16 trees (i.e., 4 x 4 trees). Fertilizer treatments 
were applied to the four trees in the middle of each plot in May 2004 and May 2005, the 
4th and 5th years after plantation establishment. There were ten fertilizer treatments, 
including a control (i.e. no fertilizer N or P applied), one IF treatment and eight OF 
treatments consisting ofpapermill biosolids and pig slurry, applied singly or in 
combination (Table 1). 
Fertilizer treatments were applied by hand around the four trees in the middle of the 
plot « lm from the trunk) in mid-May and left on the soil surface (unincorporated). 
The IF treatment supplied 35 kg N ha-1 (calcium ammonium nitrate) and 30 kg P20S ha-
l (triple superphosphate), according to the recommendation for field-grown deciduous 
trees in Quebec (CPVQ, 2000). The OF treatments described in Table 1 were applied at 
rates equivalent to 35 and 70 kg N ha-1 (lx and 2x rates), based on N mineralization and 
N losses expected from papermill biosolids and pig slurry during the growing season in 
Quebec (CPVQ, 2000; CRAAQ, 2003). The nutrient and moi sture content ofpapermill 
biosolids (supplied by Domtar Inc., Windsor, Quebec) and pig slurry (from a piggery 
near St. Camille, Quebec) are provided in Table 2. Due to the low soil test K 
concentration (45 mg kg-l) at the site, aIl plots received 30 kg K20 ha-1 (muriate of 
potash) on the same day that fertilizer treatments were applied. 
2.3.4 Tree measurements 
Each tree receiving fertilizer treatments (4 per plot, 160 in total) was measured priOf to 
the first fertilizer application (representing tree growth at the end of the 3rd growing 
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season, the FO year) and just before leaf senescence in September 2004 (FI year) and 
October 2005 (F2 yea 
r). Tree height from the origin to the apex was measured using an 8 m digital measuring 
rod and diameter at breast height (1.3 m from the ground) was measured with a 
diameter tape. The total volume outside bark was calculated as: 
TVOB = 1700 + 3.15 x 10-3 DBH2 H [1] 
where TVOB is the volume in cm3, DBH is the diameter in cm, and H is the height in m 
(modified from Krinard, 1988). Annual growth increments (AI) in height (cm il) and 
diameter (cm il) were calculated for each tree between the FO and FI years, and 
between the FI and F2 years. 
2.3.5 Leaf collection and analysis 
Foliar samples were taken prior to leaf senescence in October 2003 (FO), September 
2004 (FI) and October 2005 (F2). Ten leaves with petioles were collected from two 
opposing branches (five leaves per branch) at the apex of each tree. The leaves were 
rinsed in distilled water, oyen dried (60°C for 48 h) and weighed individually, then the 
mean leafbiomass for each plot was calculated (n=40). Leaves from each plot were 
then combined and ground «1 mm mesh) to make one composite sample per plot and 
digested with H2S04 and H202 following the method of Parkinson and Allen (1975). 
Digests were analyzed colorimetrically for N and P using flow-injection analysis 
(Quick-Chem 4000, Lachat instruments, Milwaukee, WI, USA), and for K, Ca and Mg 
using atomic absorption spectrometry. Foliar N content (mg) in each treatment was 
ca1culated as: N concentration (mg g-l) in composite sample x leaf dry weight (g). 
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2.3.6 Foliar nutrition diagnoses with CV A, DRIS and VA methods 
The CV A method was used to compare nutrient concentrations in foliage collected from 
each fertilizer treatment (FI and F2 years) with literature values. The expected nutrient 
ranges for N, P, K, Ca and Mg in hybrid poplar foliage came from values reported for 
the clone D38 of Populus deltoides Bartr. (Leech and Kim, 1981) and for 1 to 10 year 
old plantations ofvarious Populus spp. (Bonneau, 1988; Ericsson et al., 1992). 
Nutrient concentrations (N, P, K, Ca and Mg) in foliage collected from each 
fertilizer treatment (FI and F2 years) were used to calculate CND nutrient indices (IN, 
Ip, h, ICa, IMg) and CND nutrient imbalance indices (~). The CND method described by 
Parent and Dafir (1992) was adapted for hybrid poplar by W. René et al. (unpublished 
data) using foliar nutrient concentrations from high yielding subpopulation of Populus 
nigra x P. maximowiczii clone 3729, P. maximowiczii x P. balsamifera clone 915303, P. 
euramericana x P. maximowiczii clone 915508 hybrid poplar plantations in Southem 
Quebec. The computed indices provided information on the order of limiting nutrients 
and the magnitude of nutrient limitation in each fertilizer treatment, relative to the 
optimum range calculated by W. René et al. (unpublished data). 
The foliar N response to fertilizer treatments (FI year only) was examined with the 
VA method. The vector diagram was constructed according to the description provided 
by Haase and Rose (1995). Foliage biomass, N content and N concentration were 
expressed relative to the control, then relative values were standardized to 100 and 
plotted along with the normalized control (Timmer, 1991; Haase and Rose, 1995). 
Nutritional diagnosis was determined from t~e arrow direction and magnitude of each 
vector, based on the vector interpretation diagram (Fig. 1, adapted from lmo and 
Timmer, 1997). 
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2.3.7 Statistical analysis 
Prior to analysis, the data were tested for normality using the Kolmogorov-Smimov test 
(PROC UNIV ARIA TE procedure of SAS, SAS System 9.1, SAS Institute Inc., Cary, 
NC) and were 10&- or square root- transformed when required to adjust for normality 
and stabilize variance. To remove the confounding effect ofpre-existing growth 
differences among the experimental trees, data were analyzed by one-way ANCOV A in 
a generallinear model (GLM) using SAS statistical software package. The effect of 
fertilizer N treatments on the AI in tree height and diameter were evaluated statistically 
using a Scheffe multiple comparisons test at the 95% confidence level. Preplanned 
comparisons between fertilizer treatments were evaluated with contrast ana1ysis at the 
95% confidence level. Pearson correlation coefficients (r) between CND r2 and tree 
growth parameters (data from FI and F2 study years was pooled, n=20) were evaluated 
with the PROC CORR procedure. Values in tables and graphs are untransformed means 
± standard errors (n=4 for tree growth parameters and for leafN content). 
2.4 Results 
2.4.1 Hybrid poplar growth 
On average, hybrid poplars, planted as 1.5 m tall bare root seedlings in 2001, grew to 
2.06 m within two years (FO year). By the end ofthe F2 year, trees receiving N 
fertilizers had a greater average height, diameter and volume than unfertilized trees 
(Table 3). 
During both study years, the AI in height and diameter were significantly (P<0.05, 
Scheffe test) greater in plots that received the OF treatments than the control (Table 4). 
Orthogonal contrasts showed that AI in diameter was greater in the OF (lx) treatment 
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than the IF treatment in the FI year, and greater in the OF (2x) treatment than the IF 
treatment in both years (Table 4). The AI in height and diameter were always greater 
when trees received a mixture ofbiosolids and pig slurry (Mix) than when trees were 
fertilized with either biosolids or pig slurry alone (Single) (Table 4). 
2.4.2 Foliar N content 
The foliar N content increased from an average of237 mg N in the FO year to between 
489 and 983 mg N after two years of fertilization (Table 5). Contrast analyses showed 
greater foliar N content in trees receiving the OF treatments than the control, and greater 
foliar N content when OF was applied as mixture ofbiosolids and pig slurry (Mi x) 
rather than biosolids or pig slurry alone (Single) in FI and F2 years ("fable 5). 
2.4.3 Foliar nutrient diagnosis 
2.4.3.1 CVA method 
Foliar N and P concentrations were less than the expected nutrient ranges for Populus 
spp. in aIl treatments during the FI and F2 years (Fig. 2). In the FI year, the foliar K 
concentration was less than the expected nutrient range in the IF and CTRL treatments 
(Fig. 2). However, the foliar K concentration in the F2 year and the foliar Ca and Mg 
concentrations in both years were within the expected nutrient range (Fig. 2). 
2.4.3.2 CND method 
CND nutrient imbalance indices ranged from 21 to 47 in foliage collected in the FI 
year, and from 26 to 37 in foliage from the F2 year (Table 6). The lowest nutrient 
imbalance was found in the BIOO (2x) treatment in the FI year and the B33P66 (2x) 
treatment in the F2 year (Table 6). In both years, the nutrient limitation was more 
pronounced.for N and P than the other nutrients. The CND indices oftrees from the 
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study site indicated that N and P were 1ess than optimal, while K and Mg were generally 
within the optimal range, and Ca was greater than the optimal range (Table 6). 
2.4.3.3 VA method 
Vectors from the reference point (control) to the other points represent the changes in N 
concentration, N content and fo1iage dry weight after one year (FI) of fertilization. The 
vector orientation showed an increase in N content and fo1iar dry weight of ferti1ized 
trees compared to the unferti1ized control (Fig. 3). The B33P66 (2x) treatment (mixed 
biosolids and pig slurry) allocated a sufficient amount ofN to the 1eaftissues, while N 
dilution was observed in the following treatments: IF, PIaO (lx), PIaO (2x) and 
B33P66 (lx). Nitrogen deficiency was detected in trees receiving the (lx) and (2x) 
rates ofB66P33 and BIaO, with a higher N deficiency in trees that received the (2x) 
treatments, as indicated by the vector magnitude. The B66P33 and BIaO treatments 
produced more fo1iar biomass and had a greater foliar N content than treatments that 
were diagnosed as having N dilution (Fig. 3). 
2.5 Discussion 
2.5.1 Hybrid and foliar N content: effect of harvestable size fertilizer sources 
Papermill biosolids and pig slurry were effective N fertilizers, as evidenced by the 
increase in tree growth and foliar N content of trees receiving these fertilizers. It is 
probable that the better performance oftrees that received OF sources was due to the 
higher total N input supp1ied by the OFs than the IF treatment. Hybrid pop1ars tended to 
grow more and had a greater foliar N content when the OF source was a mixture of 
bioso1ids and pig slurry rather than a single OF treatment. The combined application of 
bioso1ids and pig slurry may have reduced NH3 10ss from pig slurry and acce1erated 
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decomposition and N mineralization from biosolids during the growing season, but this 
remains to be confirmed. Other researchers have used mixed and single OF treatments 
to fertilize hybrid poplar plantations, but did not always find a benefit from mixed OF 
treatments (Zabek, 1995; Moffat et al., 2001). Hybrid poplar growth and N uptake from 
OF is probably related to the type of organic wastes applied and site-specifie factors 
such as rainfall and soil properties, especially soil microbial/decomposer activities. The 
efficiency of mixed versus single OF for hybrid poplar production should be verified at 
other study sites. 
While fertilizer N applications were c1early beneficial in our T x D plantation, 
greater gains in incremental volume have been reported for other fertilized T x D 
plantations (Heilman and Xie, 1994). Several factors may have contributed to the 
slower growth ofT x D hybrids at our study site than reported elsewhere. Nutrient 
suppl y and slow rate ofN mineralization from the decomposing organic fertilizers 
might not have been in synchrony with the tree needs (Feldkirchner et al., 2003; 
Cavaleri et al., 2004). Hybrid poplars are known to develop horizontal roots that extend 
several meters away from the base of the tree. When fertilizers are surface applied in 
proximity to the trunk, it is not c1ear whether they are being applied in the "effective 
soil foraging area" of the tree (Hansen, 1981). Thus, in high fertility sites, the plant-
available N may come from a larger area than the zone of fertilizer application, 
transported through an extensive horizontal rooting system. In our low fertility site, we 
expect that the majority of the plant-available N that was acquired by hybrid poplars 
came from the surface-applied fertilizer, but this remains to be confirmed. In addition to 
low soil fertility, soils at the study site were poorly drained, which can create 
waterlogged conditions and impair poplar root growth. Growth trials with hybrid 
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poplars in Québec found that the T x D hybrid poplar clone 3230 was highly productive 
on fertile sandy loam soils but was intolerant to po orly drained soils (d'Orangeville et 
al., 2006). Pinally, mowing was infrequent and only in the north-south direction. 
Consequently, herbaceous plants that grew around the tree base, near where the 
unincorporated fertilizers were applied, were not removed and therefore it seems likely 
that weeds competed with trees for nutrients and other resources (Walstad and Kuch, 
1987). 
2.5.2 Diagnostic tools to evaluate follar nutrition in hybrid poplars 
2.5.2.1 CVA method 
The expected nutrient range for N, P, K, Ca and Mg in foliage from hybrid poplars was 
based on values for Populus spp. pub li shed by Leech and Kim (1981), Bonneau (1988) 
and Ericsson et al. (1992). Regardless of the fertilizer treatment, the foliar N 
concentration was below the expected nutrient range and tended to be less than the N 
concentrations reported for T x D and T x E hybrid poplar clones (Heilman and Xie, 
1993; Ripullone et al., 2004). One factor that contributed to the relatively low foliar N 
concentrations reported here is the relatively late collection time, necessitated by 
technical constraints. It is well known that N is degraded, reabsorbed from the 
senescing leaves, transported and stored in the secondary tissues (stem and roots) of the 
woody plants prior to abscission (Drossopoulos et al., 1996). Heilman (1985) noted a 
decline in the foliar N concentration of P. trichocarpa and T x D hybrid poplars after 
mid-August, although sorne clones had a stable foliar N concentration between mid-
August and earlY September. We found that foliar P concentrations at the study site 
were also below the expected range, although leaf P concentrations do not decline as 
rapidly as leafN concentrations at ab scission (Drossopoulos et al., 1996). It maybe that 
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the P input from fertilizer treatments (3-33 kg P2Üs ha-l il) was insufficient to meet the 
requirements ofhybrid poplar. The foliar K concentration was be10w the expected range 
in sorne treatments at the end of the first year, but not the second year, suggesting that 
the application of 30 kg K2ü ha-l y-l or more was sufficient for hybrid poplar 
production. The foliar Mg and Ca concentrations were within the expected ranges. 
There are two difficulties in diagnosing foliar nutrition using the CV A method. 
First, this univariate approach does not consider nutrient interactions. For instance, N 
deficiency may reduce the uptake and translocation of sorne, but not all, nutrients 
during the growing season (Benton Jones et aL, 1991). Second, it was not always clear 
from the literature how leaf sampling of Populus spp. was done. Unless foliar nutrient 
concentrations can be compared to expected nutrient ranges at a comparable growth 
stage, the variability in nutrient concentrations associated with plant cultivar, leaf age, 
the location of foliage sampled, seasonal differences and site characteristics can be 
considerable and diminished the diagnostic potential ofthe CV A method (Sumner, 
1977). 
2.5.2.2 eND method 
The CND method accounts for the multivariate nature of nutrient interactions 
(Aitchison, 1986; Parent et aL, 1994) and thus overcomes a limitation of the CVA 
method. The CND indices providing a ranking of nutrients in the order of yie1d 
limitation, while accounting for the optimum nutrient balance for the plant. When the r2 
is close to zero, foliar nutrition is balanced and tree production should be optimal. 
The CND nutrient indices for N and P were below the optimum range, which is 
consistent with results from the CV A method. Foliar K and Mg concentrations were 
generally within the expected nutrient range (CVA method) and the optimum range 
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(CND method). However, the CND nutrient indices for Ca were greater than the 
optimum range identified for hybrid poplars by W. René et al. (unpublished data), 
although foliar Ca concentrations were within the expected nutrient range for Populus 
spp. A larger dataset of foliar nutrient concentrations for hybrid poplars would help to 
resolve this discrepancy. 
The CND nutrient indices revealed N and P limitations, and the high CND r2 in both 
study years indicated that the foliar nutrition was not balanced. The nutritional 
imbalance was greater in foliage oftrees that received the following treatments: PIOO 
(2x) > CTRL 2: IF in the FI year and B66P33 (lx) > IF 2: CTRL in the F2 year. The 
high nutrient imbalance found in the Pl 00 (2x) treatment may be explained, as a heavy 
rainfall event (about 15 mm) occurred within one day of applying fertilizer in the FI 
year and could have caused N loss from the pig slurry-treated plots. However, it is not 
known why the B66P33 (lx) treatment exhibited the greatest nutrient imbalance in the 
F2 year. The nutrient imbalance in the control may reflect the fact that no N and P 
fertilizer was applied to trees, but the IF treatment exhibited a similar nutrient 
imbalance, despite receiving the recommended dose ofN and P for field-grown 
deciduous trees (CPVQ, 2000). The CND nutrient indices suggest that foliar nutrition 
was more balanced in most of the OF treatments than the control and IF treatments. 
The theoretical basis of the CND method is that plants with balanced foliar nutrition 
(i.e., CND r2 close to 0) will grow more than plants with a foliar nutrient imbalance 
(Aitchison, 1986; Parent et al., 1994). We found that the CND r2 values were negatively 
correlated with the mean AI in height (r= -0.46, P=0.0432) and the mean AI in diameter 
(r= -0.59, P=0.0061) during the study. This indicates that hybrid poplars grew less in 
height and diameter as the' foliar nutrient imbalance increased. We suggest that the CND 
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method could be used to make predictions about the growth ofhybrid poplars, based on 
foliar nutrition, but further work is needed to validate these findings. 
2.5.2.3 VA method 
The VA method is a comparative technique and diagnosis is independent of 
preestablished optimal ranges or ratios (Timmer, 1991; Swift and Brockley, 1994), 
which provides an advantage over the CV A and CND methods. One limitation of the 
VA method is that foliar nutrition will be affected by the number and size of leaves 
produced during a growing season. Climatic variables and fertilization can affect leaf 
production in trees with an indeterminate growth habit like hybrid poplars (Haase and 
Rose, 1995). We assumed a priori that fertilizer applications in the FI year could affect 
foliage growth (number and size ofleaves) in the F2 year. Therefore, the VA method 
focused on the the relative responses of foliage (biomass, N content, N concentration) 
from fertilized trees, compared to the control, in the FI year. 
Although the same number ofleaves were collected in all treatments, the relative 
foliar biomass was as least 2-fold greater in the B33P66 (2x), B66P33 (lx and 2x) and 
BIaO (lx and 2x) treatments than the control. This suggests that hybrid poplars can 
produce larger leaves during a growing season when OF is added. The N deficiency 
diagnosed in foliage from the B66P33 and BIaO treatments indicates N limitation, 
perhaps because these biosolids-rich treatments did not decompose and re1ease mineraI 
Nin synchrony with foliage production. The IF, PIaO (lx and 2x) and B33P66 (lx) 
treatments produced foliage that had more biomass and a lower foliar N concentration 
than the control. The VA method diagnosed growth dilution in these treatments, which 
suggests that the N contained in foliage was suboptimal, but not limiting to hybrid 
poplar growth (lmo and Timer, 1997). This may also indicate that the mineraI N 
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supplied from IF, PIOO (lx and 2x) and B33P66 (lx) treatments is synchronous with 
foliar growth early in the season, but the N supply was insufficient to maintain steady-
state nutrition. Only in the B33P66 (2x) treatment was steady-state nutrition relative to 
the unfertilized control achieved, perhaps because there was a balance between the N 
released from fertilizers and N uptake and translocation to foliage. Further work is 
needed to confirm these possible diagnoses and interpretations. 
The strength ofthe VA method is that it can diagnose the foliar growth and nutrition 
for experimental treatments relative to a control. The VA method provided insight into 
the physiological processes (N deficiency, growth dilution) that may limit hybrid poplar 
growth, and revealed that hybrid poplars produce larger leaves when fertilized. 
Examining nutrient interactions can facilitate the interpretation of nutrient deficiencies. 
Also, the VA method may not be an appropriate tool to assess the foliar nutrition of 
hybrid poplars due to their indeterminate growth habit. 
2.6 Conclusions 
The hybrid poplar plantation in this study was established on a site with low inherent 
soil fertîlity. Application of papermill biosolids and pig slurry was expected to improve 
tree nutrition and growth. Since tillage could damage tree roots, OF were left on the soil 
surface. Leaving OF on the soil surface is expected to reduce the fertilizer value 
because ofN losses to the environment, but mixing biosolids and pig slurry was 
expected to prevent NH3 volatilization from pigslurry and stimulate N mineralization 
from biosolids. Trees receiving the mixed OF treatments were taller, had a larger 
diameter and a greater N content in foliage than trees that received biosolids or pig 
slurry alone. Assessment of foliar nutrition with the CV A and CND methods revealed 
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that foliar N and P concentrations were limiting to tree growth. The foliar nutrient 
imbalance calculated from the CND method was negatively correlated with tree growth, 
indicating that tree growth would increase as the nutrient imbalance decreased. The V A 
method diagnosed N limitation, sub-optimal and optimal N levels in foliage from hybrid 
poplars, which may be related to synchrony between the N supply from fertilizers and 
the N uptake by hybrid poplars, but it remains to be confirmed. We propose that the 
CV A and CND methods would provide the most accurate diagnosis of nutrient 
sufficiency in hybrid poplars, but a more careful selection of sampling time and a larger 
dataset of foliar nutrient concentrations is needed to reveal differences between the 
treatments and improve the predictions that can be made with these diagnostic tools. 
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Table 1. Target N input and estimated nutrient input (N, P20 S and K 20) to experimental treatments, and mass (fresh weight) of 
papermill biosolids and liquid pig slurry expressed on a Mg (wet weight) ha-! basis applied in May 2004 and May 2005 in a hybrid 
poplar plantation. 
Abbreviation TargetN Estimated Biosolids Pig 
Treatment inputZ,y N :PzOs:KzO input z, x (Mg ha-I) slurry 
(kg N ha-I y-I) (kg nutrient ha-I y"I) (Mg ha-I) 
Unfertilized Control CTRL(Ox) 0 0: 0: 30 0 0 
Inorganic Fertilizer IF (lx) 35 35 : 30 : 30 0 0 
100% Biosolids BI00 (lx) 35 65 : 17: 26 39 0 
66% Biosolids, 33% Pig slurry B66P33 (lx) 35 66: 12: 30 26 7 
33% Biosolids, 66% Pig slurry B33P66 (lx) 35 66: 7 : 33 12 14 
100% Pig slurry PI00 (lx) 35 70: 3 : 37 0 21 
100% Biosolids BIOO (2x) 70 130: 33 : 53 78 0 
66% Biosolids, 33% Pig slurry B66P33 (2x) 70 132: 24 : 59 52 14 
33% Biosolids, 66% Pig slurry B33P66 (2x) 70 132: 15 : 65 24 28 
100% Pig slurry PI00 (2x) 70 140: 7 : 73 0 42 
ZAssumedthat biosolids contained 10 kg N per tonne with 30% plant available N and 30% dry matter content. Pig slurry was assumed to contain 3.7 kg N per 
tonne with 60% plant available N and 3.5% dry matter. 
YThe (lx) N rate for hybrid poplars was recommended by CPVQ (2000) for field grown deciduous trees after transplanting and the start of growth. 
) 
xThe estimated N, P20 S and K20 input was based on the measured N, P20 S and K20 in biosolids and pig slurry (Table 2), assuming 30% plant available N from 
biosolids and 60% plant available N from pig slurry; 80% plant available P20 S from biosolids and pig slurry; 100% plant available K20 from biosolids, and 
80% plant available K20 from pig slurry (CRAAQ, 2003). 
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Table 2. Moisture and nutrient content ofbiosolids and pig slurry 
used in this study. 
Parameter Biosolids Pig slurry 
Moisture Content (kg kg-1) 78.0 ±1.9 99.3 ±0.03 
Organic C (g kg-1)Y 413 ± 3.1 334±7.l 
Total N (g kg-1r'W 26.1 ±3.7 462 ±119 
C/N ratio 15.9 ±0.8 0.72 ±0.06 
P20S (g kg-1)X,W 2.5 ±0.2 28.8 ±0.08 
K20 (g kg-1r'V 3.2 ±0.2 302 ±0.7 
zValues ar~ the means ± standard errors of 9 biosolids samples and 16 pig 
slurry samples. Nutrient content was expressed on as per kg of organic 
fertilizer (dry weight) basis. 
y Analyzed using a Flash EA 1112 NC soils analyzer (Carlo-Erba, Milan, Italy). 
xH20 21H2S04 acid digests (Parkinson and Allen, 1975) 
W Analyzed by autoanalyzer (Quick-Chem AB autoanalyzer, Lachat Instruments 
Milwaukee, WI, USA) 
vAnalyzed by AAS (Perkin-Elmer Corp., Norwalk, CT, USA) 
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Table 3. Growth parameters for hybrid poplars before fertilization (FO) and at the end of the growing season after one 
year (FI) and two years (F2) offertilization. Values are the mean + standard error, maximum and minimum of 160 
measurements from alI plots (AlI) or 16 measurements from the control plots (Control) and 154 measurements from the 
plots receiving inorganic and organic fertilizers (Fertilized). 
Tree growth ~arameter 
Height Diameter at breast height Volume 
Year Plots (cm) (cm) {cm3) 
Mean±SE Range Mean±SE Range Mean±SE Range {max- min) (max- min) (max- min) 
FO AlI 206 ± 11 247 - 156 1.5 ± 0.1 2.1 - 0.9 1862 ± 35 2020 -1740 
Control 299 ± 31 415 - 182 2.0 ± 0.4 3.8 - 0.8 2165 ± 224 3591 - 1740 
FI 
Fertilized 361 ± 24 466 - 104 2.8 ± 0.3 5.1 - 1.0 2690 ± 282 5435 -1767 
Control 390 ± 42 532 - 216 3.1 ± 0.6 5.9 - 1.1 3156 ± 673 7545 -1781 
F2 15771 -Fertilized 500 ± 31 647 - 284 4.8 ±0.6 8.3 - 1.8 5934 ± 1122 1990 
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Table 4. Annual increment (AI) ofhybrid poplar growth parameters after one year 
(FI) and two years (F2) offertilization. Treatments are described in Table 1. 
AI 
Treatment Ft F2 
Height Diameter Height Diameter 
(cm) {cm} (cm) (cm) 
CTRL (Ox) 91.1±19 d 0.6 ± 0.2 d 91.2 ± 10 b 1.1 ± 0.2 c 
IF (lx) 130± 10 cd 0.9 ± 0.1 cd 126 ± 6.1 ab 1.6 ± 0.1 bc 
B100 (lx) 165± 9.2 abc 1.2 ± 0.1 abc 117 ± 7.7 ab 1.9 ± 0.1 ab 
B66P33 (lX) 164 ± 6.8 abc 1.4 ± 0.1 abc 143 ± 5.2 a 2.2± 0.1 ab 
B33P66 (lx) 162 ± 11 abc 1.3 ± 0.2 abc 148 ± 13 a 2.1 ± 0.2 ab 
P100 (lX) 136 ± 5.4 bcd 1.0 ± 0.1 bcd 139± 10 a 1.8 ± 0.1 abc 
B100 (2x) 151 ± 12 abc 1.4 ± 0.1 ab 123 ± 2.5 ab 1.9 ± 0.2 ab 
B66P33 (2x) 181 ± 6.2 ab 1.7 ± 0.1 a 155±9.2 a 2.5 ± 0.1 a 
B33P66 (2x) 192 ± 8.7 a 1.7±0.1 a 155±6.7 a 2.7 ± 0.2 a 
P100 (2x) 142 ± 8.6 bc 1.2 ± 0.2 abc 141 ± 14 a 2.2 ± 0.3 ab 
Treatment Contrast (significance probability) 
comparison 
CTRLvs OFz P<O.OOOI P<O.OOOI P<O.OOOI P<O.OOOI 
IF vs OF (lx) NSY P = 0.0181 NS NS 
IF vs OF (2x) P = 0.0226 P = 0.0002 NS P = 0.0034 
Mixx vs SingleW P = 0.0045 P = 0.0385 P = 0.0211 P = 0.0143 
Note: Values are the mean ± standard error of 4 experimental plots. Within a column, significantly 
different treatment means are indicated by different lowercase letters (Scheffe test, P<O.05). 
zOF = organic fertilizer. 
YNot significant (P>O.05). 
xMix = Combinations ofbiosolids:pig slurry. 
WSingle = Biosolids or pig slurry alone. 
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Table 5. Foliar N content in hybrid poplars before fertilization (FO), after one 
year (FI) and two years (F2) offertilization. Treatments are described in 
Table 1. 
Treatment Foliar N content (mg) 
FO Ft F2 
CTRL (Ox) 229± 46 273 ± 57c 369 ± 84c 
IF (lx) 195 ± 22 387 ± 37bc 489 ± 42bc 
B100 (lx) 210 ± 22 575 ± 59ab 723 ± 61 abc 
B66P33 (lx) 284 ±37 619 ± 77ab 762 ± 59abc 
B33P66 (lx) 269 ± 35 388 ± 37bc 748 ± 66abc 
P100 (lx) 212±31 339 ± 26bc 634 ± 63abc 
BIOO (2x) 204±20 794 ± 32a 829 ± 73ab 
B66P33 (2x) 227 ±41 746 ± 8l a 939 ± 59a 
B33P66 (2x) 320± 27 716 ± 34a 983 ± 72a 
PIOO (2x) 217 ± 41 404 ± 61 bc 816 ± 114ab 
Treatment Contrast (significance probability) 
comparisons 
CTRLvs OFz P<O.OOOI P<O.OOOI 
IF vs OF (lx) NSb P = 0.0077 
IF vs OF (2x) P<O.OOOI P<O.OOOI 
Mixx vs Single W P = 0.0113 P = 0.0410 
Note: Values are the mean ± standard error (n=4). Within a column, significantly different 
treatment means are indicated by different lowercase letters (Scheffe test, P<O.05) 
zOF = organic fertilizer. 
YNot significant (P>O.05). 
xMix = Combinations ofbiosolids:pig slurry. 
wSingle = Biosolids or pig slurry alone. 
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Table 6. Nutrient indices for a hybrid plantation in St. Camille, Quebec after one (FI) and two years (F2) offertilization 
based on the CND nonns calculated for three hybrid poplar clones grown in southem Quebec (W. René et al., unpublished 
data). 
Treatment eND nutrient indices Order of nutrient IN Ip IK ICa IM, eND r 2z limitations 
Ft ~ear 
CTRL (Ox) 
-3.41 -2.72 -0.39 4.76 0.50 43.4 N <P <K <Mg<Ca 
IF (lx) -3.68 -2.10 -0.66 4.26 .0.43 43.3 N < P < K < Mg < Ca 
B100 (lx) -2.57 -2.44 0.64 3.93 -0.69 33.7 N < P < Mg < K < Ca 
B66P33 (lx) 
-2.85 -2.38 -0.01 4.17 -0.19 35.3 N < P < Mg < K < Ca 
B33P66 (lx) -3.10 -2.06 0.54 3.52 -0.16 30.6 N < P < Mg < K < Ca 
P100 (lx) -3.43 -2.92 0.92 3.62 -0.01 43.2 N <P <Mg<K<Ca 
B100 (2x) -1.87 -2.03 0.58 3.00 -0.60 20.8 P<N<Mg< K<Ca 
B66P33 (2x) -2.07 -1.86 -0.13 3.52 -0.39 23.1 N <P <Mg<K <Ca 
B33P66 (2x) -2.69 -2.13 0.53 3.25 -0.38 29.9 N <P <Mg<K<Ca 
PlOO (2x) -3.29 -3.40 0.98 3.77 0.03 47.0 P <N <Mg<K <Ca 
F2 year 
CTRL (Ox) -3.44 -1.71 0.54 4.42 -0.08 34.9 N < P < Mg < K < Ca 
IF (lx) -3.68 -1.49 1.07 4.22 -0.38 35.0 N < P < Mg < K < Ca 
B100 (lx) -3.01 -2.32 1.16 4.25 -0.42 34.1 N < P < Mg < K < Ca 
B66P33 (lx) -3.66 -1.99 1.24 4.27 -0.30 37.2 N < P < Mg < K < Ca 
B33P66 (lx) 
-3.06 -1.85 1.37 3.53 -0.25 27.3 N < P < Mg < K < Ca 
P100 (lx) -3.18 -2.38 1.74 3.85 -0.45 33.8 N < P < Mg < K < Ca 
B100 (2x) 
-2.90 -2.41 1.29 3.51 -0.12 28.4 N < P < Mg < K < Ca 
B66P33 (2x) -2.81 -2.21 1.08 4.02 -0.45 30.3 N <P <Mg<K <Ca 
B33P66 (2x) 
-2.71 ,-2.06 1.66 3.38 -0.55 26.1 N < P < Mg < K < Ca 
PI00 (2x) -2.92 -2.03 1.95 3.26 -0.43 27.4 N <P <Mg<K <Ca 
Optimum Range [ -1.26 [ -1.82 [ -1.73 [-0.80 [-2.67 1.26] 1.03] 1.60] 1.64] 0.50] 
Zr stands for nutrient imbalance index. 
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Fig. 1. Interpretation of directional shifts in nutrient concentration, nutrient content, 
and dry mass (adapted from Imo and Timmer, 1997). 
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Fig. 2. Nutrient concentrations in foliage collected from hybrid poplars after one (FI) 
and two years (F2) of fertilizer application, compared to expected nutrient ranges 
for Populus spp. Data points are the mean and standard error ofthe control (CTRL) 
treatment (n=4), the inorganic fertilizer (IF) treatment (n=4), the organic fertilizer 
(OF) treatments at the lx rate (n=I6) and the organic fertilizer (OF) treatments at 
the 2x rate (n=16), described in Table 1. 
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Fig. 3. Relative mean responses in nitrogen and foliar dry weight ofhybrid poplar 
treated with inorganic fertilizer and organic fertilizers after one year (FI) of 
fertilization. Treatments are described in Table 1. Small symbols represent the (lx) 
N rate and big symbols represent the (2x) N rate. Arrow direction reflects change in 
foliar nutrient status with fertilizer application. The control was normalized to 100. 
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CONNECTING PARAGRAPH TO CHAPTER 3 
In chapter 2, we detennined the effect of organic fertilizer application on the growth 
of Populus trichocarpa x P. deltoides hybrid poplars. We noted that growth 
parameters responded better to combinations of biosolids and pig slurry application 
than the control. Optimum growth was not achieved and foliar N and P deficiencies 
were diagnosed irrespective of the N application rates or fertilizer treatment. Such 
responses may have been induced by a limitation in either plant nutrient acquisition 
or soil inorganic nutrients availability. The beneficial effect of surface applied 
organic fertilizers will be assessed using soil fertility and nitrogen fertilizer use 
efficiency as indicators of nutrient supply to hybrid poplars. 
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CHAPTER 3. MIXTURES OF PAPERMILL BIOSOLIDS AND 
PIG SLURRY IMPROVE SOIL QUALITY AND GROWTH OF 
HYBRID POPLAR 
3.1 Abstract 
Hybrid poplar plantations in Québec, Canada, are generally established on marginal 
agriculturallands characterized by low pH and low inherent soil fertility. Here, we 
tested the hypothesis that two potential organic fertilizer sources, papermill 
biosolidsand liquid pig slurry, would improve soil quality and the growth 
performance ofhybrid poplars (Populus trichocarpa x P. deltoides), especially if 
applied in mixtures rather than separately. The fertilizer treatments included an 
unfertilized control, inorganic fertilizer (calcium ammonium nitrate and triple 
superphosphate) and organic fertilizers (papermill biosolids al one, pig slurry alone, 
and two combinations of papermill biosolids and pig slurry) applied at two rates. 
Fertilizers were broadcast within 1 m oftree trunks and unincorporated, to prevent 
damage to tree roots. Hybrid poplar growth was greatest in plots fertilized with a 
combination of papermill biosolids and pig slurry, suggesting that the two organic 
fertilizers complemented themselves and/or interacted to improve soil nutritional 
quality. Papermill biosolids were most efficient at raising soil pH, providing plant-
available Ca and increasing nitrification rates over the long-term, whereas pig slurry 
provided more readily available N03-N, P and K. Applied together, papermill 
biosolids and pig slurry interacted to provide more extractable P and mineralizable 
NH4-N than when applied separately. Organic fertilizers increased soil biological 
activity, notably basal respiration, microbial biomass, metabolic quotient, and 
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mineraI N production rates. Community level catabolic profiles (CLCPs) of the 
extractable soil microflora in plots with organic fertilizers differed significantly 
from the control and inorganic fertilizer treatments. This implies that surface-
applied organic fertilizers may induce fundarnental changes to the diversity and 
composition of microbial cornrnunities in the underlying rooting zone. Although this 
study has shown beneficial effects of organic fertilizer mixtures on soil quality and 
hybrid poplar growth, further research should focus on their possible environmental 
impacts. 
Keywords: Hybrid poplar, organic fertilizers, soil nutrients, soil microbial 
dynamics, microbial community level catabolic profiles . 
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3.2 Introduction 
Over the past 60 years, total world wood harvest has increased at a near steady 
annual rate of 100 million m3 yr-l whereas the total forested land area has fallen at 
an annual rate of 0.2%. In order to meet increasing wood demand with a dwindling 
forested land base, there has been a progressive interest in developing productive 
short-rotation tree plantations, even in countries such as Canada where forestry has 
historically been extensive with low management implications. Accordingly, hybrid 
poplar (Populus spp.) plantations in Canada had risen to 14.3 x 103 ha by the year 
2002 (FAO, 2004). These trees, resulting from the combination ofvarious poplar 
species into a hybrid, are among the fastest-growing in North America given the 
proper growing conditions (U.S. Environmental Protection Agency, 1999). 
Many hybrid poplar plantations in Québec were established on marginal or 
degraded soils, rather than on prime agriculturalland. These marginal lands are 
characterized by low organic matter content and feature low inherent soil fertility 
and other production constraints (e.g. low pH). Adding fertilizer and lime to provide 
N, P and K, and to adjust soil pH during stand establishment is routinely used to 
achieve high biomass production in hybrid poplar plantations (e.g. Dickmann et al., 
2001; Desrochers et al., 2006). In contrast, organic fertilizers (OFs), which generally 
contain all of the essential plant nutrients, are seldom used. As a perennial crop, 
hybrid poplars may respond weIl to OFs, because these may increase both the short-
and long-term suppl y of soil nutrients as well as improve other aspects of soil 
quality such as soil pH and microbial biomass. 
In Québec, Canada, 2 million Mg of papermill biosolids are produced each year 
during treatment of wastewater from the pulping and papermaking processes 
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(Désilets, 2000). From a nutritional standpoint, papermill biosolids not only contain 
N-P-K, but are especially rich in Ca, an element that is in particularly high demand 
by poplars (Alban, 1982; Lamarche et al., 2004). Increasing soil Ca may also 
improve soil pH in degraded agricultural soils. Due to its high fibre content, the 
application of papermill biosolids may improve soil structure as weIl as increase soil 
organic matter content and soil CEC (Chantigny et al., 1999; Camberato et al., 
2006). One potential downside of papermill biosolids is that these are expected to 
immobilize soil mineraI N when initially applied, and to liberate no more than 25% 
of total N during the first year after field application (Hébert and Gagné, 2003). A 
second potential OF for hybrid poplar is liquid pig slurry, ofwhich nine million 
cubic meters are spread annually on Québec agriculturallands (Chantigny et al., 
2004). While pig slurry is rich in mineraI N and contains substantial quantities of 
other macro-nutrients, its low C:N ratio (3.6: 1) (Sanchez and Gonzâ1ez, 2005) 
results in rapid N mineralization and subsequent loss via N03-leaching, NH3 
volatilization and denitrification (Sieling et al., 1998; Rochette et al., 2001; 
CRAAQ, 2003) thus diminishing the fertilizer value of the slurry. 
The major difficulty in using OFs in hybrid poplar plantations is that they cannot 
be incorporated by tillage, due to the presence of tree roots. Leaving pig slurry on 
the soil surface is expected to exacerbate N loss via NH3 volatilization (Rochette et 
al., 2001), whereas unincorporated papermill biosolids may decompose more slowly 
than on conventionally tilled soils (Entry et al., 1996). Given the complementary 
characteristics of these two organic amendments, namely the high fibre and Ca 
content ofthe first, and the readily mineralizable N of the second, we hypothesized 
that a combination of papermill biosolids and pig slurry would have better fertilizer 
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value for hybrid poplar than applying these individually. Papermill biosolids could 
potentially immobilize excess N mineralized from pig slurry, and the combination 
of the two could have a more balanced nutritional value as weIl as increase other 
aspects of soil quality. We conducted, therefore, an experiment during two growing 
seasons in a young hybrid poplar plantation established on marginal agricultural 
land in southem Québec, Canada. Our goal was to evaluate the fertilizer value of 
papermill biosolids and pig slurry, applied singly and in mixtures, compared to 
mineraI fertilizers. We also measured other indices of soil quality such as soil pH, 
soil nutrient concentrations, microbial biomass and mineralizable N. FinaIly, we 
assessed whether OFs also induced changes in the underlying structure and 
functional diversity of soil microbial communities, compared to mineraI fertilizers. 
3.3 Materials and methods 
3.3.1 Site description 
The study site, located near the Town of St Camille (450 40' 36"N, 71 0 44' 13 "S), 
is classified as marginal agriculturalland, and was used as an unimproved hayfield 
for more than 10 years before our experiment began. The soil was a "Magog Stony 
Loam" of the Orthic Gleysol subgroup (Soil Classification Working Group, 1998), 
imperfectly drained and occurring on a gentle slope «1 % slope). The soil had a 
clayey loam texture, 30 g organic C kg-1 and a pH water of5.6 in the 0-15 cm depth. 
In May 2001, the field had been tilled to a 30 cm depth with a chisel plow along 
a north-south axis. One-year old bare root hybrid poplar (Papulus trichacarpa x 
Papulus delta ides) seedlings were hand-planted at 3 m intervals in the plowed 
furrows, with 3 m spacing between rows. Vegetation growing between rows was 
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controUed in June and July 2001 with the herbicide glyphosate (2.4 kg a.i. ha- l ). In 
subsequent years, the vegetation between rows was controUed by mowing twice 
each summer. 
3.3.2 Experimental design 
The field experiment was laid out in a randomized complete block design (four 
blocks), with ten plots per block, for a total of 40 experimental plots. The plots were 
arranged in staggered rows, and each 100 m2 plot contained 16 trees. The four trees 
in the middle of each plot received an equal amount of fertilizer and their growth 
was followed throughout the study. Fertilizers were applied during the 4th (2004) 
and 5th year (2005) after plantation establishment. 
Soil analyses performed in 2003, one year before treatments were applied, 
indicated low Mehlich-III extractable K concentrations (45 mg kg- l ). AU plots 
received, therefore, KCI (0-0-60) at a rate of 30 kg K 20 ha- I in May 2004. Ten 
fertilizer treatments were assigned randomly to plots in each block. These included 
a control (no fertilizer), an inorganic fertilizer (IF) treatment (calcium ammonium 
nitrate (27.5-0-0) + triple superphosphate (0-46-0)) applied at a base rate of 35 kg N 
ha- l (referred to as lx) and 30 kg P20 S ha-l, four OF treatments applied at the (lx) 
rate, and four OF treatments applied at a (2x) rate (i.e., targeted to provide 70 kg N 
ha l ). The (lx) rate of 35 kg N ha- l cornes from the CPVQ (2000) fertilizer 
recommendations manual for field grown deciduous trees. The four OF treatments 
within each of the (lx) and (2x) rates were papermill biosolids al one, pig slurry 
alone, and two mixtures (33%:66% and 66%:33%) ofpapermill biosolids: pig 
slurry. The mass of papermill biosolids and pig slurry applied to deliver the target N 
input of 35 or 70 kg N ha- l il (Table 1) were based on the inorganic N fertilizer 
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equivalency and expected N losses folIowing surface application without 
incorporation (CPVQ, 2000; CRAAQ, 2003). The chemical composition of 
papermill biosolids and pig slurry applied in this study are given in Table 2. AlI 
fertilizer treatments were surface applied in a circ1e (~ 1 m radius) around the trunk 
of each tree. 
In 2004, precipitation between May and October (685 mm) was near the 30 year 
average (Environment Canada, 2006), and a heavy rainfalI event (15 mm) occurred 
on the day that we fertilized. In 2005, there was 7% more precipitation between 
May and October (726 mm) than the 30 year average, and a moderate rainfall event 
« 5mm) occurred the day following fertilizer application. During both growing 
seasons, average monthly temperatures were warmer than the 30 year average. 
3.3.3 Tree biomass increment and nitrogen-use efficiency 
The 160 trees were measured at the end of the growing season for height (H) and 
diameter at breast height (DBH at 1.3 m height) one year before the experiment 
began (Sept-03) and in the two subsequent years (Sept-04 and Sept-05). Height was 
measured with a pole digital measuring rod, and DBH with a measuring tape. The 
leafless aboveground biomass (LAB) of each tree was estimated following the 
general hybrid poplar biomass equation (Boysen and Strobl, 1991): 
LAB = 0.202. DBH(1.326 + 0.19 • Ln (H)) • H°.l75 [2] 
The total biomass increment (Mg ha-1) in each plot was calculated as the 
increase in LAB between Sept-03 and Sept-05, and this value was scaled up 
assuming a stand density of 1600 trees ha-1• Nitrogen-use efficiency (NUE) in each 
plot was calculated (kg DW kg-1 N) from total biomass increment in trees receiving 
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fertilizer and the cumulative total N input from fertilizer added in both years (van 
Miegroet"et al., 1994; Sardans et al., 2005): 
NUE = Biomass Increment 
Cumulative N input 
3.3.4 Soil sampling 
[3] 
Soil samples were collected 1 mo after fertilizer application, in June 2004 (June-04) 
and 2005 (June-05). We also collected soils before leafsenescence, in September 
2004 (Sept-04) and 2005 (Sept-05). After removing surface plant material, two soil 
cores (7.5 cm dia.) from the 0-15 cm mineraI soillayer were collected from random 
locations within a 1 m radius of each experimental tree in each plot. The eight cores 
from each plot were mixed and sieved (5 mm mesh) in the field to create a 
composite sample, and transported on ice and stored at 4°C until analyzed. We also 
collected a composite soil sample from the 15-30 cm depth of each plot on June-04 
and June-05, using the same procedure. Field moist soils were sieved (5 mm mesh) 
and gravimetric moisture content was calculated based on mass loss after drying 
subsamples at 105°C for 48 h. 
3.3.5 Soil pH and extractable nutrients 
Soil subsamples collected in June-04 and June-05 were air dried and ground to pass 
through a 2 mm sieve. Soil pH was measured in a soil:water (1 :2) suspension. 
Available P, K, Ca, and Mg were extracted using Mehlich III solution, and analyzed 
colorimetrically or by atomic absorption spectrometry, as described in Table 2. 
Mineral-N (NH/-N and N03--N) was extracted in 0.5 M K 2S04 (soil:extractant = 
1: 1 0) solution, and analyzed colorimetrically as described in Table 2. 
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The potential for surface mineraI soil to supply mineraI N to plants following the 
second treatment year (Sept-05) was assessed using aerobic laboratory incubations 
(Fyles et al., 1990). Fresh subsamples of the 0-15 cm soillayer (15 g dry mass 
equiv.) were transferred to 500 mL Masonjars, covered with a polyethylene film to 
prevent dessication and allow gas exchange, and left to incubate 30 days in the dark 
at 20°C. The subsamples were then extracted in 100 mL of 1 N KCI solution, and 
extracts were analyzed for mineraI N as previously described. Net ammonification 
and nitrification rates were calculated from the difference between pre- and post-
incubation mineraI N concentrations. 
3.3.6 Soil respirometry 
Basal respiration, an index of instantaneous C availability (Bradley and Fyles, 
1995a), was determined by weighing fresh subsamples (lOg dry wt equiv.) into 57 
mL gas samplingjars, allowing 1 wk for soils to condition to room temperature, 
flushing the headspace with ambient air for 5 min, sealingjars with air-tight lids 
equipped with rubber septa, and sampling aliquots of air in the headspace with a 
needle and syringe after 24 h. Air samples were analysed for C02 concentrations 
using a model CP-2002P Micro-GC (Chrompack, Middelburg) equipped with a 
TCD, and He as carrier gas. Room temperature and ambient CO2 concentration were 
measured several times daily. For each measurement, ambient C02 concentration 
was subtracted from sampled CO2 concentration and the difference was adjusted 
according to Ideal Gas Laws and centered at 22°C using QlO=2. 
Microbial biomass, an index ofhistorical C availability (Bradley and Fyles, 
1995a), was determined by substrate induced respirometry (SIR) (Anderson and 
Domsch, 1978). Fresh subsamples (10.0 g dry wt equiv.) were weighed into 500 mL 
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plastic containers and amended with ground and sieved (65 /lm) glucose (1000 /lg C 
g-l soil). The amendments were applied a~ 250 mg mixtures with talc and dispersed 
using a kitchen handmixer with one beater. Amended subsamples were transferred 
into 115 mL gas samplingjars and left uncovered for 100 min to reach optimum 
SIR rates. Subsamples were then flushed for 5 min with ambient air, sealed for 30 
min, and headspace air was analysed for C02 concentration using a GC (as 
described above). SIR rates were converted to microbial biomass using equations 
derived by Anderson and Domsch (1978). 
Microbial metabolic quotient (qC02) in soil from each plot was calculated as 
the quotient ofbasal respiration and microbial biomass. 
3.3.7 Microbial community level catabolic profiles 
Community level catabolic profiles (CLCPs) of the extractable microflora from each 
bulked sample (0-15 cm layer) collected on Sept-OS were characterized using 
BIOLOG EcoPlates (BIOLOG Inc., Hayward, CA). AIS g (dry wt equiv.) soil 
subsample was added to 150 mL of sterile 0.1 % Na-pyrophosphate solution (pH 
7.0) to which 15-20 glass beads (3 mm) were added. The mixture was shaken 20 
min and centrifuged (500 x g, 10 min, 4°C) to obtain a microbial suspension. A 1 
mL aliquot of supematant was diluted into 99 mL of sterile saline solution (0.85% 
NaCI). Inoculum density was not standardized as total microbial numbers were 
considered an intrinsic characteristic of microbial diversity in each sample. A 150 
IlL aliquot of the diluted solution was pipetted into each of96 BIOLOG EcoPlate 
wells. These comprised a triplicate set of 31 wells containing a unique C-source plus 
redox-sensitive tetrazolium dye, and one control well containing dye only. Plates 
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were incubated at 25°C and color formation in each well was monitored as 
monochromatic light (595 nm) absorbance, using a Bio-Tek FL600 automated plate 
reader (Bio-Tek Instruments Inc., Winooski, VT). Measurements were made three 
times daily until average well color development (A WCD) exceeded a value of 0.50 
standardized absorbance units (i.e., 3-5 d). At each reading, the absorbance value of 
control wells were subtracted from absorbance values of the 31 associated wells 
containing C substrates. 
3.3.8 Statistical analyses 
Prior to analyses, the data were Ln-transformed when required to adjust for 
normality and stabilize the variance. At each sampling date, data were analyzed with 
the SAS statistical software (SAS Institute Inc., 2003) by one-way ANOVA (10 
treatments), and by two-way ANOVA (excluding the control and IF treatments), 
and significantly different means were separated using a Tukey multiple 
comparisons test. Pre-planned comparisons of various linear treatment combinations 
were evaluated with single degree of freedom orthogonal contrasts. The significance 
level for each test was set at P<0.05. 
Average well color development (A WCD) of each replicate 32-well set in each 
BIOLOG EcoPlate was calculated at each reading interval to determine the 
incubation time (To.50) corresponding to A WCD = 0.50 absorbance units. 
Absorbance values of each weIl at To)o were centered and normalised [i.e. (Abs.-
A WCD)/cr], and principal component analysis (PCA) was performed on transformed 
data to explore effects of treatments on C source utilisation patterns by microbial 
communities. PCA biplots were produced for visual assessments of treatment 
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effects on microbial functional diversity. Because the segregation oftreatments 
along the tirst two principal components refers to only a portion of the total 
variation in the data-set, the EcoPlate data were also analyzed with a more robust 
non-parametric multivariate analysis of variance, implernented as permutation tests, 
using the PERMANOVA software (Anderson 2001; McArdle and Anderson 2001). 
PERMANOV A uses aIl ofthe information and has, therefore, greater statistical 
power to detect differences than PCA. Under PERMANOVA, the fu1132-variable 
data set was permuted 4999 times for one-way and two-way analyses to compute 
sums-of-squares arnong and within treatments, and to generate an ANOVA-type 
table that can be interpreted in the conventional manner. Subsequent single degree 
of freedom contrasts were performed using the DISTLM v.5 statistical pro gram 
(Anderson, 2004). 
For each OF source, simple linear regressions were titted between the fertilizer 
N input and the mineraI N pool in the 0-30 cm soillayer. 
3.4 Results 
3.4.1 Biomass accumulation and nitrogen-use efficiency 
Leafless aboveground biomass increment was greater in plots that received OFs 
than in control plots (Table 3). Single d.f. orthogonal contrasts showed that biomass 
increment in the four OF treatments was greater than in the IF treatment, at both the 
low and the high OF application rates (Table 4). At both application rates, biomass 
increment was greater in OF mixtures compared to papermill biosolids and pig 
slurry applied separately (Table 4). The fertilizer NUE was greater in IF than in OF 
treatments. Among OF treatments, the NUE was consistently higher at the low N 
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rate than at the high N rate, and consistently lower in BIOO (within each rate) than 
in the other treatments. 
3.4.2 Fertilizer effects on soil pH and extractable nutrients 
Initial (Sept.-03) average soil pH on the site was 5.6. Soil pH remained between 5.6 
and 5.8 in control plots over the course of the study (Fig. 1). Soil pH in IF and PIOO 
plots remainedbelow pH 6.0 and were not significantly different from control plots. 
With one exception, there was a significant increase of 0.7-1.6 pH units in B66P33 
and BI 00 plots. Average soil pH was significantly higher in 2005 than in 2004. 
On June-04, one-way ANOV A revealed a significant treatment effect on 
extractable P and K (data not shown). Subsequent contrast analyses (Table 5) 
revealed higher extractable P in IF than in OF plots, and higher extractable P where 
OFs were applied as mixtures rather than singly. Control plots had less extractable 
K than OF plots. 
Extractable nutrient concentrations were higher in June-05 than in June-04 (data 
not shown). InJune-05, one-way ANOVA revealed a significant effect oftreatments 
on the six extractable nutrients (Fig. 2). Contrast analyses (Table 5) revealed that: (i) 
extractable NH4, P and Ca were lower in the control than in the OF treatments; (ii) 
extractable N03, P and K were lower in BI00 than in PIOO treatments; (Ui) 
extractable P was lower with OFs than with IF; (iv) extractable Ca and Mg were 
lowerwith IF than with OFs; (v) extractable Ca was lower in PIOO than in BIOO 
treatments. 
3.4.3 Nitrogen and microbial dynamics 
One-way ANOVA revealed significant (P<O.OOI) effects oftreatments on net 
nitrification rates, and near-to-significant effects of treatments on basal respiration 
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(P=0.075), microbial biomass (P<0.067) and net ammonification (P<0.077). 
Orthogonal contrasts showed net nitrification was significantly (P<O.OOl) higher in 
plots amended with OFs than in control or IF plots (Table 6). Basal respiration, 
microbial biomass, net ammonification were also higher in organically fertilized 
than in control or IF plots, but the significance level ofthese contrasts was generally 
weaker (P<O.l 0; not shown). One weaker contrast (P=0.08) worth mentioning is the 
higher net ammonification rates measured where OFs were applied in mixtures (6.3 
± 3.1 mg kg-1) rather than singly (2.6 ± 0.7 mg kg-1). Results oftwo-way ANOVA 
(exc1uding control and IF treatments) revealed no significant effect of OF 
application rate, but significant effects of OF mixtures on basal respiration 
(P=0.037), metabolic quotient (P=0.050) and net nitrification rates (P=0.027). 
Tukey tests showed the value of these variables to be significantly higher in the 
BlOO than in the PlOO treatments (Fig. 3). 
Results from PCA revealed that the first two ordination axes explained 41 % of 
the total variation in C source utilisation patterns by microbial communities (Fig. 4). 
The four organic mixtures were segregated from the control and IF treatments along 
the first principal component. The c1uster of organic mixtures was separated along 
the second principal component, with a c1ear segregation between the BI 00 and 
PlOO treatments. The IF and control treatments were also segregated along the 
second principal component. The five substrates that most discriminated treatments 
were D-galactonic acid y-Iactone, D-xylose, Tween 80, glycogen and D-
glucosaminic acid. Results from one-way PERMANOV A confirmed significant 
treatment effects on C source utilisation patterns, and pairwise contrasts confirmed a 
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significant difference between OF treatments and both the If and control treatments, 
but they failed to find a significant difference between the control and IF treatments 
(Table 7(a)). Results from two-way PERMANOVA confirmed significant effects of 
organic mixtures on C source utilisation patterns (Table 7(b)). Pairwise contrasts 
confirmed that the greatest difference occurred between the BI 00 and PI 00 
treatments, but there were also significant differences in three of the remaining five 
possible pairwise comparisons (Table 7(b)). 
3.5 Discussion 
Our study showed that OFs may improve hybrid poplar yield, and may even 
outperform the IF treatment. Our soil analyses suggest that this improved biomass 
increment over the IF treatment could be due to more plant-available Ca and Mg, 
and higher potential nitrification rates. Plant-available P remained, however, higher 
with IF. To compare the fertilizer value ofOFs relative to IF is, however, tenuous, 
because OFs carried far more total nutrients' than IF, and we simply estimated the 
proportion that would be mineralized over the study period. The NUE of IF was, of 
course, greater than that of OFs, given that IF is 100% water soluble and thus 100% 
plant-available. The IF treatment was included in our experimental design 
essentially to evaluate whether an increase inpoplar yield with OFs applied at our 
experimental rates would be comparable to a yield increase using IF rates 
recommended for hybrid poplar. Our study has shown that this is clearly the case. 
The salient result of our study was showing that hybrid poplar yield can be 
higher with papermill biosolids and pig slurry applied in mixtures rather than 
applied singly. In other words, our study showed that the two OF sources can 
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interact to improve the soil' s nutritional quality. A clear sign of an interaction 
occurring between the two OF sources is reflected by the NUE values of the four 
OF treatments within each application rate. Based on the NUE values of papermill 
biosolids and pig slurry applied separately, we found that mixing pig slurry to 
papermill biosolids resulted in NUE values that were larger than the expected 
intermediate values. Our study provided sorne insights as to how papermill biosolids 
and pig slurry applied in mixtures may complement themselves or interact to 
improve soil nutritional quality. Hybrid poplars grow best in soil pH ranges between 
6.0 and 7.0 (Timmer, 1985) and papermill biosolids were most efficient at raising 
soil pH within this range as weIl as providing plant-available Ca which would 
otherwise be leached in acidic soils. Thus, including papermill biosolids in the OF 
mixtures may eliminate the need for liming when hybrid poplar plantations are 
established on acidic soils. On the other hand, pig slurry provided more N03-N, P 
and K early in the growing season. Applied together, papermill biosolids and pig 
slurry interacted to provide more extractable P and mineralizable NH4-N than when 
applied separately. 
Contrary to IF amended soil, OFs improved soil nutritional quality with 
attendant changes in the biological activity of the soil. For example, we witnessed 
higher basal respiration and higher microbial biomass in OF amended soil, which 
reflects more reduced C substrates to drive the metabolism and growth of 
heterotrophic soil microorganisms. Higher microbial metabolism is expected to 
result in higher rates of nutrient turnover and release (Bradley and Fyles, 1995b), 
which is consistent with the higher potential ammonification and nitrification rates 
that we observed in OF amended plots. Among the two OF sources, papermill 
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biosolids proved to be the main contributor to this increase in microbial metabolism, 
as we witnessed higher basal respiration, metabolic quotient (qC02) and potential 
nitrification rates in plots treated with papermill biosolids than those treated with pig 
slurry. Although the organic C content of papermill biosolids was 24% higher than 
that of pig slurry, the difference in microbial activity between the two could also be 
ascribed to differences in their respective chemical qualities. A greater proportion of 
the organic C found in pig slurry is expected to be low molecular weight and labile, 
whereas a greater proportion of the organic C found in papermill biosolids is 
expected to contain moieties oflignin that are complex and degrade more slowly. 
The former is expected to boost microbial activity soon after being applied to soil, 
while the latter is expected to sustain microbial activity later in the growing season. 
This is corroborated by the fact that available N03-N was higher in the pig slurry 
treatment in June, and potential nitrification rates higher in papermill biosolids 
treatment in September. We acknowledge that this last conjecture is dubious 
because N03-N concentrations and potential nitrification rates are not equivalent 
variables, and the higher nitrification rates in soils treated with papermill biosolids 
may also have resulted from the higher pH in these plots (e.g. Paavolaienen and 
Smolander, 1998). 
The BIOLOG assay is a cultivation-based method that considers only a fraction 
of soil microbial species (Muyzer, 1998), for it underestimates fungal activity (Zak 
et al., 1994) and preferentially selects fast-growing microorganisms that develop at 
high substrate concentrations (Smalla et al., 1998). Despite these limitations, 
CLCPs of the extractable soil microflora are commonly used as approximate 
indicators of microbial functional diversity (Bradley et al., 2006). Although CLCPs 
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do not identify specifie taxonomie groups, differences in the metabolic capacities of 
different microbial sub-communities imply differences in their underlying 
composition. Contrary to IF amended soils, CLCPs ofOF-amended soils were 
distinct from the control treatment. Among OF treatments, both PCA and 
PERMANOV A showed that microbial sub-communities in plots amended with 
either 100% papermill biosolids or 100% pig slurry differed the most from each 
other, a reflection of the differences in their respective chemical qualities. It is 
important to note that CLCPs were assessed in the rooting zone of the mineraI soil, 
whereas OFs were surface applied. Our study suggests, therefore, that surface-
applied OFs not only increased biological activity and nutrient turnover in the 
underlying rooting zone, but also induced fundamental changes to the structure and 
diversity of the soil microbiota. This could be confirmed with molecular techniques 
such as T-RFLP, DGGE or PLFA that describe the genetic and taxonomie 
diversities of soil microbial communities. Future research should strive to determine 
whether OF-induced changes in microbial community structure confer other 
ecological advantages such as a greater stability of dynamic soil processes. Indices 
of microbial resistance and resilience to environmental stress, such as those 
developed by Orwin and Wardle (2004), could be used for this purpose. 
In evaluating the economic benefits of OF mixtures to improve soil quality and 
growth ofhybrid poplar within a "green economy", it will be important to address a 
wide range of environmental concerns. On the one hand, hybrid poplar may be used 
as a bio-energy crop that would offset C02 emissions from fossil fuels. Converting 
agricultural fields to tree plantations may also increase soil C sequestration thereby 
reducing atmospheric C02 (LaI, 2004; Adler et al., 2007). The use of OF mixtures in 
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hybrid poplar plantations cannot be considered, however, an environmental pànacea. 
In the province of Quebec, manure application guidelines are based on surface soil P 
saturation levels, which determine the eutrophication potential of waterways 
subjected to surface runofffrom fertilized fields (CRAAQ, 2003). High pig slurry 
application can also result in leaching losses ofN03-N to groundwater systems, 
which is ,hazardous for human consumption. A third concem is the expected 
increase in denitrification following the application of papermill biosolids and pig 
slurry (Rochette et al., 2001). Our forthcoming paper will specifically address this 
latter point. 
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.~ Table 1. Target N input and mass (fresh wt) of papermill biosolids and liquid pig 
shllTy applied in May 2004 and May 2005. 
TargetN 
Papermill 
Pig 
inpuf slurry 
biosolids mass 
Treatment Abbreviations mass 
(kg N ha-l y-l) 
(Mg ha-l ) 
(Mg ha-l ) 
Control 0 CTRL 0 0 (Ox) 
Inorganic fertilizer 35 IF 0 0 (lx) 
100% biosolids 35 BIOO 39 0 (lx) 
66%:33% = B66P33 biosolids:pig 35 (lx) 26 6.8 
slurry 
33%:66% = B33P66 biosolids:pig 35 (lx) 12 13.8 
slurry 
~, 100% pig slurry 35 P100 0 20.7 (lx) 
100% biosolids 70 BIOO 78 0 (2x) 
66%:33% = B66P33 biosolids:pig 70 (2x) 52 13.6 
slurry 
33%:66% = B33P66 biosolids:pig 70 (2x) 24 27.5 
slurry 
100% pig slurry 70 PIOO 0 41.4 (2x) 
Z Based on an estimated dry matter content of 30% and 3.5% for biosolids and pig slurry, and on the 
estimate that these respectively contained 30% and 60% plant available Nover the study period 
(CPVQ, 2000; CRAAQ, 2003). 
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Table 2. Moisture and nutrient contents of papennill biosolids and liquid pig slurry 
used in this study. Carbon and nutrient contents are expressed on a dry weight 
basis. 
Parameter Papermill Pig slurry biosolids 
Moisture content (%) 78.0 ±1.9 99.3 ±O.03 
Organic C (%? 413 ± 3.1 334 ± 7.1 
Total N (g kg-l)x 26.1 ±3.7 462 ±119 
C/N ratio 15.9 ±0.8 0.72 ±O.O6 
P2Ü S (g kg-l)x 2.5 ±0.2 28.8 ±O.O8 
K2ü (g kg-1)X,W 3.2 ±O.2 302 ±O.7 
Z Values are the means ± standard errors of 9 papermill biosolids and 16 pig slurry samples. 
y Analyzed using a Flash EA 1112 NC soils analyzer (Carlo-Erba, Milan, Italy). 
x H20 21H2S04 acid digests subsequently analyzed using a Quick-Chem AE autoanalyzer (Lachat 
Instruments,Milwaukee, WI, USA). 
W Analyzed by atomic absorption spectrometry (Perkin-Elmer Corp., Norwalk, CT, USA). 
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~, Table 3. Biomass increment and nitrogen-use efficiency (NUE) after 2 years of 
fertilizer application in a hybrid poplar plantation. Values are the mean ± S.E. (n=4). 
Within a column, significantly different treatment means are indicated by different 
lowercase letters (P<0.05, Tukey test). Abbreviations are explained in Table 1. 
Total N inpue Biomass NUE Treatment Increment (kg DW kg-1 N) (kg N ha-1 y-l) (MgDWha-ll 
C (Ox) 0 2.05 ± 0.76d 
IF (lx) 35 3.20 ± 0.72cd 45.7± 10.2a 
B100 (lx) 216 4.18 ± 0.83bcd 9.68 ± 1.92c 
B66P33 (lx) 182 6.00 ± 1.20ab 16.5 ± 3.30bc 
B33P66 (lx) 144 5.46 ± l.l0bc 19.0 ± 3.80b 
PlOO (lx) 116 3.84 ± 0.77bcd 16.5 ± 3.33bc 
B100 (2x) 432 4.81 ± 0.70bc 5.56 ± 0.81d 
B66P33 (2x) 365 7.53 ± 1.47a 10.3 ± 2.01bcd 
B33P66 (2x) 287 7.93 ± 1.480a 13.8 ± 2.60bc 
PIOO (2x) 233 5.20 ± 1.46bc Il.2 ± 3.14bcd 
,~ 
Z The total N input was based on the measured Nin biosolids and pig slurry. Biosolids contained 5.54 
kg N per tonne and pig slurry contained 5.62 kg N per tonne (2004/2005 samples). 
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Table 4. Orthogonal contrasts comparing biomass increment of organic and 
inorganic fertilizer treatments, as weIl as the biomass increment of organic 
fertilizers applied in mixtures as opposed to separately. Abbreviations are explained 
in Table 3. 
Contrast d.f. F-value P>F 
Sept-04 
IF < OF(lx) 1 4.41 0.044 
IF < OF(2x) 1 12.61 0.001 
(B100 + P100)(1x) < (B66P33 + B33P66)(1x) 1 6.10 0.019 
(B100 + P100)(2x) < (B66P33 + B33P66)(2x) 1 10.23 0.003 
Sept-OS 
IF < OF(1x) 1 4.20 0.049 
IF < OF(2x) 1 16.54 <0.001 
(B100 + P100)(1x) < (B66P33 + B33P66)(1x) 1 5.47 0.026 
(BIOO + P100)(2x) < (B66P33 + B33P66)(2x) 1 16.00 <0.001 
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/~~ Table 5. Selected orthogonal contrasts testing the effects ofvarious linear 
combinations of fertilizer treatments on extractable soil nutrients measured in June-
04 and June-05. 
Variable Contrast d.f. F- P>F 
value 
June-04 
Extractable-P OF (lx) < IF 1 13.89 <0.001 
Extractable-P (B100 + P100) < 1 9.00 0.006 
(B66P33 + B33P66) 
Extractable-K Control < OF 1 13.59 0.010 
June-OS 
Extractable-NH4 Control < OF 1 0.72 0.004 
Extractable-N03 B100 < P100 1 12.8 0.001 
Extractable-P Control < OF 1 15.51 0.003 
/--, Extractable-P OF (lx) < IF 1 10.35 0.010 
Extractable-P B100 < P100 1 4.13 0.052 
Extractable-K B100 < P100 1 11.03 0.003 
Extractable-Ca Control < OF 1 0.09 0.002 
Extractable-Ca IF < OF (lx) 1 6.22 0.019 
Extractable-Ca P100 < B100 1 19.95 <0.001 
Extractable-Mg IF < OF (lx) 1 4.63 0.040 
OF = Organic fertilizers; 
IF = Inorganic fertilizer; 
(lx) = low rate (35 kg N ha-1 yr-l); 
(2x) = high rate (70 kg N ha-1 yr-l); 
BlOO, PIOO, B66P33 and B33P66 = (see Table n-
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Table 6. Orthogonal contrasts testing the effects of organic fertilizers on net 
nitrification rates measured on samples collected in Sept-OS. Abbreviations are the 
same as in Table 3. 
Contrast d.f. F-value P>F 
Control < OF (lx) 1 13.90 <0.001 
Control < OF (2x) 1 20.00 <0.001 
IF < OF (lx) 1 21.47 <0.001 
IF < OF (2x) 1 28.91 <0.001 
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~, 
Table 7. Results of PERMANOV A and selected single degree of freedom pairwise. 
contrasts testing for significantly different C-source utilization patterns among 
treatment combinations. Abbreviations are explained in Tables 1 and 3. 
(a) One-way PERMANOVA including alllO treatments 
Mean 
Source Contrast d.f. sguares Pseudo-F P-value 
Block 3 98.0 2.17 0.005 
Treatment 9 112.8 2.50 <0.001 
Control vs IF 1 65.1 1.44 NS 
Control vs OF 1 231.3 5.13 <0.001 
(lx) 
IF vs OF (lx) 1 187.8 4.16 0.001 
Control vs OF 1 249.9 5.54 <0.001 
IF vs OF 1 191.2 4.24 0.001 
Error 27 45.1 
(b) Two-way PERMANOVA excluding Control and IF treatments 
Rate 1 41.9 41.94 NS 
Mixture 3 150.8 3.99 <0.001 
BI00 vs PI00 1 362.4 9.59 <0.001 
BI00 vs 1 80.1 2.11 0.045 
B33P66 
BI00 vs 1 44.0 1.16 NS 
B66P33 
B66P33 vs 1 214.8 5.69 <0.001 
PI00 
B66P33 vs 1 43.7 1.16 NS 
B33P66 
B33P66 vs 1 159.6 4.23 <0.001 
PI00 
Rate x 3 37.1 0.98 NS 
Mixture 
Error 21 793.3 
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sampling dates. Verticallines represent 1 S.E. Abbreviations for fertilizer 
treatments are found in Table 1. 
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CONNECTING PARAGRAPH TO CHAPTER 4 
Results from chapter 3 showed that the low inherent soil properties at the site were 
improved especially after the second application offertilizer treatments. We noticed 
that pig slurry was a source of plant-available N soon after its application while N 
supply was more pronounced at the end of the season when papermill biosolids 
were applied. Several concurrent processes follow the incorporation of synthetic and 
organic forms of nitrogen into the soil. Therefore more research was needed to 
investigate the N cycling mechanisms whereby N is converted into forms that are 
readily available for plant use or assimilated by microbes. 
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.~. CHAPTER 4. NITROGEN TRANSFORMATIONS REVEALED 
BY ISOTOPE DILUTION IN AN ORGANICALLY FERTILIZED 
HYBRID POPLAR PLANTATION 
4.1 Abstract 
The purpose of this study was to understand the N pool dynamics and 
transformation rates when organic fertilizers (papermill biosolids and pig slurry) 
were surface applied in a hybrid poplar plantation. Nitrogen dynamics were assessed 
using a 15N isotope dilution approach (2 day incubation) and aerobic incubations (28 
days) in the laboratory. Soil samples (0-15 cm) were coHected near experimental 
trees before fertilizer application, 1 month after fertilizer application and at the end 
ofthe season, prior to leaf senescence. Pig slurry was a source ofNH4-N and 
readily-mineralizable None month after fertilizer application, and stimulated the 
gross nitrification rate and immobilization. Potentially aH ofthe NH4-N and N03-N 
supplied by pig slurry could be immobilized under aerobic conditions, in the 
absence of plant growth and leaching. Papermill biosolids contributed to larger 
NH4-N and N03-N pools, and stimulated mineralization, nitrification and 
immobilization pro cesses at the end ofthe sèason. The presence of more NH4-N and 
N03-N at the end ofthe season should have negative environmental consequences 
related to N03-N leaching and denitrification. It appears that pig slurry may be a 
better choice than papermill biosolids for surface application in a hybrid poplar 
plantation. 
78 
4.2 Introduction 
Short-rotation tree plantations can be used to generate bioenergy, fiber and other 
wood products more quickly than traditional forestry (Tuskan, 1998). Hybrid poplar 
(Populus spp.) is a hardwood often used in short-rotation forestry due to its fast 
growth and suitability as a biofuel and for papermaking. In eastern Canada, most of 
the short-rotation hybrid poplar plantations were established on marginal or 
degraded agriculturallands, which are not inherently productive. The application of 
nitrogen fertilizers to these hybrid poplar plantations is expected to enhance biomass 
production (Heilman et al., 1996), but fertilizers must be applied on the soil surface 
to avoid damaging tree roots. Understanding the pattern ofN release from surface-
applied fertilizers, relative to plant growth, is essential to maximize the N-use 
efficiency and prevent unnecessary loss ofN to the environment. This is especially 
challenging when organic fertilizers are used because N release from such materials 
depends on N mineralization and nitrification processes, which are affected by 
temperature and moisture, soil properties (pH, texture, inorganic N supply) and 
characteristics ofthe organic fertilizer such as the C:N ratio (Zibilske, 1997; Sylvia 
et al., 1998; Van Kessel and Reeves, 2002; Camberato et al., 2006). 
Papermill biosolids are organic fertilizers, generated as a byproduct ofthe 
papermaking industry (N'Dayegamiye, 2000; Feldkirchner et al., 2003). The 
chemical, microbial and organic composition of papermill biosolids varies due to 
the fiber source, papermill process and secondary treatments like composting 
(Camberato et al., 1997; Feldkirchner et al., 2003), but it is generally a lignin-rich 
material. In an incubation study conducted by Burgos et al. (2006) with non-
composted papermill sludge (C:N ratio = 95), it was about 16 weeks before soil N 
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mineralization occured. A longer period ofN immobilization (36 weeks) was 
observed when primary sludge paperrnill biosolids with C:N ratio of 480: 1 was land 
applied (Zibilske, 1987). More suitable for land application are high-nutrient 
paperrnill sludges with C:N ratios between 14: 1 and 42: 1, although a short period of 
N immobilization (about 6 weeks)followed by N mineralization occured after their 
application (Alexander, 1977; Zibilske 1997; Camberato et al., 2006). Cavaleri et al. 
(2004) reported slower N mineralization rates from anaerobically digested biosolids 
(C:N ratios ranged from 3.5:1 to 77:1) than inorganic N fertilizers applied to hybrid 
poplars in a greenhouse study. The N mineralization from paperrnill biosolids is 
affected by the quantity applied, its C:N ratio and soil characteristics (texture, 
inorganic N suppl y), but the N mineralization-immobilization dynamics of 
paperrnill biosolids applied to short-rotation hybrid poplar plantations remain to be 
investigated. 
An alternative to paperrnill biosolids is to apply liquid organic fertilizer, like pig 
slurry, which contains 50% or more soluble NH4-N at the time of application 
(Sommer and Husted, 1995). The organic N in this liquid waste is readily 
mineralized and about 70% is plant available during the growing season (CRAAQ, 
2003). The rapid release of mineraI N following pig slurry application may be due 
to its low C:N ratio, which is generally less than 4: 1 (Sanchez and GonzaIez, 2005), 
but the N re1eased from pig slurry is susceptible to NH3 volatilization, NH4-N 
fixation in c1ays, N immobilization, nitrification, denitrification and N03-N leaching 
(Sie1ing etaI., 1998; Chantignyet al., 2001; Rochette et al., 2001), which diminish 
the fertilizer value of the slurry. Yet, the C input from pig slurry may stimulate 
microbial activity, leading to temporary immobilization of the NH4-N in pig slurry-
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amended soils, followed by remineralisation (Kirchrnann and Lundwall, 1993; 
Sorensen and Amato, 2002). Although the N transformations from pig slurry have 
been well studied, the gross N mineralization rates accounting for the concurrent N 
irnrnobilization process rernain to be elucidated. In addition, we have not found any 
published reports of the N transformations from pig slurry following its application 
in short-rotation forest plantations. 
The objectives ofthis study were·to 1) evaluate and compare N dynamics (net N 
mineralization and nitrification rates) ofbiosolids and pig slurry amended soils in a 
hybrid poplar plantation during one growing season and 2) to characterize gross N 
mineralization, nitrification and consumption rates using an l5N isotopic pool 
dilution approach. 
4.3 Materials and methods 
4.3.1 Site and experimental design 
This study took place in a hybrid poplar plantation, established in 2001 on a 
marginal agricultural field in St. Camille, Québec, Canada (45°40'36"N, 
71 °44'13"W). The climate in this region is continental with four seasons, with a 
mean annual temperature of 5.34°C and annual precipitation (rainfall and snowfall) 
of about 1110 mm at the St. CamillelW olfe weather station (Environment Canada, 
2005). The soil was a Magog stony loam ofthe Orthic Gleysol subgroup (fine 
loamy, mixed, neutral, cool, perhumid), imperfectly drained and occurring on a 
gentle «1 %) slope. Soil texture was clayey loam (390 g sand kg-l, 320 g silt kg-l 
and 290 g clay kg-l) with 30 g organic C kg-l and pH water of 5.6. 
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Detailed information on the research site, plantation establishment and fertilizer 
sources have been reported in Chapter 2. Briefly, the experiment was a randomized 
complete block design with 10 fertilizer treatments, replicated in 4 blocks, for a total 
of 40 experimental plots. Each plot (9 m2) had 16 trees of Populus trichocarpa x 
Populus deltoides, clone 322S, with 3 m spacing between tree rows. Fertilizer 
treatments were applied to the four trees in the middle of each plot during the 4th 
year (2004) and Sth year (200S) after plantation establishment. Soils in this 
experiment came from a subset of the treated plots: the unfertilized control (CTRL), 
the inorganic fertilizer (IF) treatment (35 kg N ha-lof calcium ammonium nitrate 
plus 30 kg P20 S ha-1 from triple superphosphate) and four organic fertilizer 
treatments. The organic fertilizers were papermill biosolids (B 1 00) and pig slurry 
(P100), each applied at rates of35 kg N ha-1 (lx) and 70 kg N ha-1 (2x). Papermill 
biosolids, which are referred to as biosolids throughout the manuscript, came from a 
papermill in southwestem Québec owned by Domtar Inc. Biosolids contained an 
average (± standard error) of26 ± 3.7 g total N kg-1 dry weight (dw) (H202/H2S04 
digestion; Parkinson and Allen 1975), 78 ± 1.9 kg H20 kg-1 wet weight (ww) (oven 
dried at 10SoC for 48 h) and had a C:N ratio of 16 ± 0.8 (Carlo Erba Flash NC Soils 
Analyzer, Milan, Italy). Pig slurry came from a piggery near St. Camille, Québec 
and contained an average of 462 ± 119 g total N kg-1 dw, 99.3 ± 0.03 kg H20 kg-1 
ww and had a C:N ratio of 0.72 ± 0.06. The BI00 (lx) plots received an application 
equivalent to 39 Mg ha-1 biosolids (ww), and we applied about 20.7 Mg ha-1 pig 
slurry (ww) to the P100 (lx) plots. The B100 (2x) and P100 (2x) plots received 
twice as much biosolids and pig slurry, respectively. Application rates of these 
organic fertilizers were calculated from pub li shed values of the total N content, 
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inorganic N fertilizer equivalency and expected N losses from biosolids and pig 
slurry following surface application without incorporation (CPVQ, 2000; CRAAQ, 
2003). Fertilizers were spread around the four trees in the middle ofthe plot « lm 
from the trunk) in mid-May, and left on the soil surface (unincorporated). During 
the study, weeds and other vegetation growing between the tree rows were 
controlled by mowing 1-2 times each summer. 
4.3.2 Soil sampling 
Soil samples were taken from the four replicates of each treatment (CTRL, IF, BI 00 
(lx), BIOO (2x), PIOO (lx) and PIOO (2x)) at three sampling times: before fertilizer 
application in May 2005 (PreF), about 1 month after fertilizer application in June 
2005 (PostF) and before leaf senescence in October 2005 (EndF). Soil samples (O-
lS cm) were the composite of four subsamples (about 500 g each) collected from 
within 1 m of each fertilized tree, sieved «6 mm) and transported to the laboratory 
on ice to minimize microbial activity. Soils were then sieved «4 mm mesh) to 
remove plant residues and stored at 4°C until analysis. A subsample was taken to 
determine the gravimetric soil moisture content (l05°C for 48 h). 
4.3.3 Soil analysis 
4.3.3.1 Microbial biomass 
Microbial biomass nitrogen and carbon (MBN and MBC) in field-moi st soil was 
determined using the chloroform fumigation-direct extraction method (Brookes et 
al., 1985; Vance et al., 1987). Fumigated and unfumigated field moist soils were 
extracted with 0.5M K2S04 (l:4 soil:extractant) and then subjected to persulfate 
digestion (Cabrera and Beare, 1993). The MBN was calculated as [(total N in 
digests offumigated soils - total N in digests ofunfumigated soils)/kENJ where kEN 
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is the extraction coefficient 0.54 (Brookes et al., 1985). The dissolved organic C 
(DOC) in the fumigated and unfumigated soil extracts was analyzed with a 
Shimadzu TOC-V carbon analyzer (Shimadzu Corporation, Kyoto, Japan). The 
MBC was calculated as [(DOC in fumigated soils - DOC in unfumigated soils)/kEcJ 
where kEC is the extraction coefficient 0.45 (Wu et al., 1990). 
4.3.3.2 Potential net N mineralization and nitrification 
About 25 g of field-moi st soil was packed in a 120-ml polyethylene cup to a bulk 
density of 0.61 g cm-3 and the moi sture content was adjusted to 60% water-filled 
pore space, assuming a particle density of2.65 g cm-3 (Elliott et al., 1999). Cups 
were placed in 1 L glass Masonjars, with 10 ml ofwater in the bottom of eachjar to 
maintain soil humidity, sealed with an air-tight lid and incubated at 21°C in the dark. 
Every 7 d, the jars were aerated for 15 min. After 28 d, mineraI N (NH4-N and N03-
N) concentrations in 0.5 M K2S04 extracts (1:2 soil:extractant) were deterrnined 
colorimetrically using the salicylate and cadmium reduction-diazotization methods 
with a Lachat Quik-Chem AE flow injection autoanalyzer (Lachat Instruments, 
Milwaukee, WI). The mineraI N concentrations in unincubated soil were also 
deterrnined. The N mineralization rate (mg NH4-N kil d- l) was the difference in 
NH4-N concentrations ofincubated and unincubated soils, divided by the incubation 
time (28 d). Similarily, the nitrification rate (mg N03-N kg-l d- l) was the difference 
in N03-N concentrations in incubated and unincubated soils divided by the 
incubation time. 
4.3.3.3 Isotope pool dilution and enrichment 
The potential gross N mineralization and gross nitrification rates were estimated 
from the change in size and isotopic composition of soil inorganic N pools e4+l5 
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NH4-N and 14+15 N03-N pools) using disturbed soil cores in the lab (Hart et al., 
1994; Cookson et al., 2002).Two cores were prepared for each soil sample collected 
at the three sampling times (144 cores in total). One core contained 25 g of fie1d-
moist soil, prepared for extraction within 15 min of adding the 15N solution (to), and 
the second core contained 150 g of field-moi st soil, which was incubated for 48 h 
after 15N solution was added (t48). The 25 g soil sample was packed to a bulk density 
of 0.61 g cm-3 in a 120-ml polyethylene core, while the 150 g soil was packed to 
bulk density in a 10 cm x 5 cm cylinder core. The difference in core size and soil 
weights was due to a limitation in the amount of soil available for this analysis. 
For gross N mineralization, we added 25 mg 14+15N kg-1 soil with a solution 
containing 5.016 atom% 15N from e5NH4hS04 when the initial pool size was less 
than 10 mg 14+15NH4_N kg-1. If the initial pool size was greater than this value, we 
added 50 mg 14+15N kg-1 soil containing 10.042 atom% 15N from e5NH4hS04. These 
inputs ofN and 15N were se1ected to increase the N pool size slightly and add 
sufficient 15N to detect isotope dilution and enrichment. For the gross nitrification 
study, we also added 25 mg 14+15N kg-1 soil with a solution containing 5.016 atom% 
15N from K15N03 to soils with less than 10 mg 14+15N0 3_Nkg-1 and 50 mg 14+15N kg-
1 soil containing 10.042 atom% 15N from K 15N03 to soils with more than 10 mg 
14+15N03_N kil. 
The 15N-Iabe1ed solutions were injected uniformly into the soil using an 
automatic pipette (25 g ofsoil) or a 60-mm si de-port spinal-needle (150 g ofsoil). 
The soil moisture was adjusted to 60% water-filled pore space to stimulate 
microbial activity (Doran et al., 1990). Cores containing 25 g of soil were extracted 
15 min after 15N addition with 0.5 M K2S04 solution (1:4 soil:extractant), but cores 
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containing 150 g of soil were placed in 1 L Mason jars and aerobically incubated in 
the dark at 21°C for 48 h. Then, the soil was removed from the core, homogenized 
and as extracted with 0.5 M K2S04 solution (1:4 soil:extractant). Soil extracts were 
frozen until mineraI N pool size and atom % 15N enrichment were determined. 
4.3.3.4 Nitrogen and Isotope ratio analysis 
Diffusion and isotope ratio mass spectrometry analysis 
The 15NH4-N and 15N03-N enrichment in the mineraI N pools were determined 
following a modification of the acid diffusion procedure described by Brooks et al. 
(1989). The use of l5N-labeled standards indicated that more than 95% of the 15NH4_ 
N and 15N03-N was recovered with this procedure. Briefly, we used 5 mm diam. 
disks cut from glass filter paper (Whatman GF/D) that were placed in a muffle 
fumace at 500 Oc for 2 h and acidified with 15 III of2.5M KHS04. Two acidified 
filter disks were then sealed in Teflon tape and acid-washed polyethylene cups were 
prepared. We found that soil extracts from to and 48 in the isotope pool dilution and 
enrichment procedure contained between 0.16 and 10.3 Ilg ri as NH4-N and from 
0.06 to 36.5 Ilg ri as N03-N. Therefore, we pipeted 5 ml ofK2S04 extracts 
containing less than 10 Ilg ri of mineraI N into the acid-washed cups and spiked 
with 15 ml of 15 mg NH4-N ri solution containing 1.0016 atom % 15N. When the 
extract contained more than 10 Ilg ri of minerai N, we pipetted 1 ml of the K2S04 
extract into the acid-washed cup, spiked with 15 ml ofthe same solution, and added 
4 ml of 0.5 M K2S04 solution. Spiking was needed to achieve a good recovery of 
the 15N tracer; in addition, the total NH4-N concentration in the cup was kept be10w 
300 Ilg so that isotope discrimination between N isotopes could be minimized 
(Bradley and Fyles, 1996). 
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To detennine the isotopic ratio ofNH4-N, we added 0.2 g MgO, several glass 
beads and two filter disks sealed in Teflon tape to the cup, and sealed it with an gas-
tight lid. The isotopic abundance ofN03-N was detennined by adding 0.4 g of 
Devarda's alloy, 0.2 g of MgO, several glass beads and two filter disks sealed in 
Teflon tape to each cup before it was sealed. The contents were mixed gently by 
hand once or twice a day for the next 7 d, then the filter disks were dried in a 
dessicator over concentrated HZS04, packed into tin capsules and sent for isotopic 
ratio mass spectrometry analysis (University of Califomia at Davis Stable Isotope 
Facility). The potential gross N mineralization and nitrification and gross NH4 + and 
N03 + consumption rates were estimated from the 15NH4 and 15N03-pool dilution in 
the 15N labeled samples (to and t48) using the equations ofKirkham and 
Bartholomew (1954). 
4.3.4 Statistical analysis 
Prior to analyses, the data were tested for nonnality using the Kolmogorov-Smimov 
test (PROC UNIVARIATE procedure of SAS, SAS System 9.1, SAS Institute Inc., 
Cary, NC) and were transfonned (loge-, sin, power3) when required to adjust for 
nonnalityand stabilize variance. The effect of fertilizer treatments on soil microbial 
biomass as well as net and gross N mineralization and nitrification rates was 
evaluated for each sampling date using a one-way analysis of variance with SAS 
statistical software. Significant effects were then analysed with a Tukey multiple 
comparisons test at the 95% confidence level. Values in tables and graphs are 
untransfonned means ± standard errors (n=4 unless otherwise mentioned). 
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4.4 Results 
404.1 Extractable C and N pools, and microbial biomass 
There was considerable seasonal variation in extractable C and N pools, and 
microbial biomass. The B100 (2x) plots contained more NH4-N than the CTRL 
plots shortly before fertilizer application (PreF) and more NH4-N and N03-N than 
the CTRL, IF and Pl 00 treatments prior to leaf senescence (EndF) (Table 1). In 
contrast, there was more NH4-N and N03-N in P100 (2x) plots than other plots 
shortly after fertilizer application (PostF) (Table 1). The DON concentration was not 
affected by fertilization, but there was more DOC, MBN and MBC in the B100 (2x) 
plots than any other fertilizer treatment prior to leaf senescence (Table 1). 
4.4.2 Net N mineralization and nitrification rates 
There was no difference in net N mineralization and nitrification rates due to 
fertilizer treatments in the PreF sampI es, but there was significant net 
immobilization ofNH4-N and N03-N in soils from the P100 (2x) plots that were 
collected at the PostF date (Fig. 1 a, 1 b). In the EndF samples, net N mineralization 
and nitrification was significantly (P<O.05, Tukey test) greater in incubated soil 
from the B100 (lx) and B100 (2x) plots than the other treatments (Fig. la, lb). 
4.4.3 Gross N mineralization and nitrification rates 
There was no difference in gross N mineralization and nitrification rates due to 
fertilizer treatments in the PreF samples. At the PostF sampling date, the gross N 
mineralization rate and NH4-N consumption rate was greater in soil from the B100 
(2x) plots than in the CTRL, IF and P100 treatments (Fig. 2a, Table 2). In contrast, 
the gross nitrification rate and N03-N consumption rate was greater in soil from the 
P100 (2x) plots than the unfertilized control and IF treatments at the PostF sampling 
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date (Fig. 2b, Table 2). Gross N mineralization, NH4-N and N03-N consumption 
rates were significantly (P<0.05, Tukey test),greater in incubated soil from the BI 00 
(2x) plots than most of the other fertilizer treaments at the EndF sampling date (Fig. 
2a, Table 2). AIso, the gross nitrification rate was greater in soil from BI 00 (2x) 
plots than the unfertilized control and IF treatments at the EndF sampling date (Fig. 
2b). 
4.5 Discussion 
4.5.1 Extractable C and N pools, and microbial biomass 
The greatest mineraI N (NH4-N and N03-N) concentrations in P100-amended soils 
were observed at the PostF sampling date, about one month after fertilizer 
application. The soil N03-N concentration of 106 mg kil in the P100 (2x) plots was 
notable. Similarily, Guerrero et al. (2006) reported that N03-N levels increased to 
about 130 mg N03-N kg-l soil during a 41 days incubation of soil treated with fresh 
(non-composted) pig slurry. These levels may be related to the large amount of 
soluble NH4-N added with pig slurry (Sommer and Husted, 1995) and its oxidation 
to N03-N soon after application (Morvan et al., 1997; Chantigny et al., 2001). The 
mineraI N pool in the BI OO-amended soils was no different from the control or 
inorganically-fertilized soils at the PostF sampling date, which is consistent with 
other work showing N immobilization and a dec1ine in soil mineraI N 
concentrations after biosolids application (Aitken et al., 1998; Baggs et al., 2003). 
Yet, the B100-amended soils contained about 4 times more NH4-N and 35 times 
more N03-N than the control at the EndF sampling date, prior to leaf senescence. 
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These results suggest that pig slurry was a source of mineraI N within 30 days of its 
application, while biosolids re1eased mineraI N towards the end of the season. 
Soil microbial biomass (MBC, MBN) and extractable nutrient (DOC, DON) 
concentrations were not affected by surface application of pig slurry to a hybrid 
poplar plantation. This is consistent with other studies showing no effect of short-
terrn pig slurry applications on soil microbial biomass or soil organic nutrient pools 
(Plaza et al., 2004; Rochette et al., 2000). In contrast, the biosolids-treated soils had 
greater DOC, MBC and MBN concentrations at the EndF sampling date. These 
results are in accordance with previous findings that have shown increases in the 
DOC and total soil C content following the application oflignocellulosic materials 
(Ros et al., 2006) and biosolids (Baggs et al., 2003; Lindsay and Logan, 1998; 
Epstein et al., 1976). When biosolids are land·applied and then incorporated by 
tillage, there is often very rapid microbial growth on this cellulose- and lignin-rich 
material (Gagnon et al., 2001; Chantignyet al., 2000a). In this study, soil microbial 
growth may have been delayed until soluble C from biosolids decomposing on the 
soil surface was re1eased and leached into the soil profile, or until a significant 
quantity ofbiosolids was incorporated by earthworrns and soil mesofauna. Another 
possibility is that soil microorganisms grew slowly during the initial decomposition 
of the lignin-rich biosolids, so that an increase in the microbial biomass pool was 
not observed untillate in the growing season (Burke et al., 2003). 
4.5.2 Net and gross N mineralization and nitrification rates 
Net N mineralization and nitrification, deterrnined during a 6-week laboratory 
incubation, provide a measure ofthe potential for NH4-N and N03-N re1ease from 
unfertilized and fertilize4 soils in a hybrid poplar plantation. The same fertilizer 
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treatments were applied to.the experimental plots in the year preceding this study, 
but there did not appear to be any residual effect of these fertilizer applications, 
since there was no difference in net N mineralization and nitrification amongst 
treatments in the PreF samples. The year before this study, we also observed greater 
mineraI N in biosolids-treated soils than other treatments at the end of the growing 
season (data not shown), but the mineraI N pool may have been immobilized into 
non-mineralizable forms or lost to the environment before the PreF samples were 
collected. 
Fertilization ofhardwood forests and plantations increases net N mineralization 
rates (Aber et al., 1993; Lee and Jose, 2006; Van Miegroet et al., 1992). We also 
found that net N mineralization and nitrification rates were about 3.3 to 4 times 
greater in the biosolids-amended soils than the control at the PostF sampling dates. 
Further, N release rates as high as 5.8 mg NH4-N kg- I soil d- I and 5.9 mg N03-N kg-
1 soil d- I were measured in the BI 00 (2x) treated soils at the EndF sampling date. 
These rates are greater than the N mineralization rates (0.12 to 0.15 Ilg N kg- I soil d-
1) reported in a 7-year old Populus deltoides plantation that received 56 to 224 kg N 
ha- I il from inorganic fertilizer (Lee and Jose, 2006). Although the biosolids 
treatment increased the potential N mineralization and nitrification rates, there was 
no difference between the control, inorganic fertilizer and pig slurry treatments. In 
fact, soils collected from the Pl 00 (2x) treatment at the PostF sampling date 
exhibited net immobilization ofNH4-N and N03-N. The isotope dilution technique 
was employed to better understand the N transformations in soils treated with pig 
slurry and biosolids. 
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Before fertilizer application, there was no difference in the gross mineralization, 
nitrification and consumption rates among treatments, which was consistent with net 
N mineralization and nitrification rates. Following fertilizer application, gross and 
net N mineralization rates followed the same pattern in biosolids-treated soils than 
other treatments. The organic N pool was potentially mineralisable (Jarvis et al., 
1996) until the end of the season. In turn, the mineralized nitrogen was 
preferentially consumed by the heterotrophic bacteria to support their rapid growth 
(Hart et al., 1994) (consistent with the ISNH4-N consumption rates) and oxidized to 
release N03-N through biotic nitrification. Gross mineralization rates in the pig 
slurry treatments were higher at the PostF sampling date than later in the season, 
indicating a rapid and transient stimulation ofN mineralization after pig slurry 
application. Probably most of the N from pig slurry was present as ammonium, 
organic N, and clay-fixed N following its application, as observed by Chantigny et 
al. (2004). Cooper (1974) observed a decrease in NH4-N concentration that 
coincided with an increase in N03-N concentration in pig slurry incubated soils, 
which suggests that nitrification can be stimulated by the application of pig slurry. 
Although autotrophic nitrifiers are po or competitors for NH4-N (Jones and Richard, 
1977), Nishio and Fujimoto (1990) noted increases in nitrifiers and nitrification 
rates when soil NH4-N concentration exceeded 50 mg N kg-1 soil. The high NH4-N 
concentrations in the PostF sampI es were accompanied by high gross nitrification 
rates thus suggesting a rapid turnover ofthe NH4-N pool added with PI00 (2x) 
treatment. However, the low net nitrification rates observed during the incubation 
assay suggest that most N03-N was immobilized in the soil organic matter pool 
(Davidson et al., 1992; Stark and Hart, 1997), consistent with the high N03-N 
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consumption rates (CN), observed in this study. Denitrification could be another 
important process that would reduce the N03-N pool size, but it was unlikely to be 
important in this study since all incubations were aerobic 
4.6 Conclusion 
The pool sizes ofNH4-N and N03-N in soils from a hybrid poplar plantation 
receiving various fertilizer treatments was interpreted using laboratory incubations 
and isotope dilution. Pig slurry was a source ofNH4-N early in the season (PostF 
date). In the absence ofplants or leaching, this NH4-N was nitrified and consumed 
by microbes, resulting in a net immobilization ofNH4-N and N03-N. Papermill 
biosolids was more slowly decomposed, and it was not until the end ofthe season 
(EndF date) that it became a source ofNH4-N and N03-N. Under laboratory 
conditions, these biosolids-treated soils stimulated mineralization and nitrification 
processes more than immobilization. This resulted in a pool of residual mineraI N 
and more microbially-associated N in the biosolids-treated soils than other fertilizer 
treatments just before leaf senescence. Further transformation of these N pools 
during the fall and winter, when trees are not growing, could be deleterious to the 
environment. Our findings suggest that the pattern ofN release from pig slurry was 
more synchronous with hybrid poplar growth than from biosolids. 
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Table 1. Extractable soil pools and microbial biomass concentrations in soils (0-15 cm) 
from a hybrid poplar plantation. Soils were collected shortly before fertilizer application 
(PreF), about 1 month after fertilizer application (PostF) and just before leaf senescence 
(EndF). 
Treatment NH4-N N03-N DON DOC MBN MBC (mg kg -1) 
PreF 
CTRL (Ox) 7.7 ± 2.3b 2.6 ± 1.7 ND ND ND ND 
IF (lx) 8.8 ± 1.1ab 1.4 ± 0.5 ND ND ND ND 
BIOO (lx) 14 ± 1.5ab 5.7 ± 1.5 ND ND ND ND 
PIOO (lx) 9.6 ± 2.2ab 1.5 ± 0.3 ND ND ND ND 
BIOO (2x) 19 ± 4.6a 2.7 ± 0.3 ND ND ND ND 
PIOO (2x} 9.0 ± 0.7ab 3.0 ± 1.0 ND ND ND ND 
PostF 
CTRL (Ox) 2.7 ± 0.5b 0.9 ± 0.3b 7.0 ± 1.7 98 ± 22 138 ± 9.0 817 ± 23 
IF (lx) 4.0 ± OAb 2.9 ± l.lb 14 ± 2.0 129 ± 11 148 ± 23 1071 ± 139 
BIOO (lx) 6.3 ± 0.7b 4.2 ± 1.0b 13 ± 1.3 119 ± 7.6 204 ± 5.7 1207 ± 110 
PIOO (lx) 17 ± 13b 18 ± 13b 8.1 ± 1.5 94 ± 5.0 165 ± 9.9 931 ± 48 
BIOO (2x) 8.8 ± 1.5b 2.8 ± 1Ab 15 ± 1.8 132 ± 22 212 ± 25 1014 ± 75 
PIOO (2x) *61 ± 20a 106 ± 35a *10 ± 5.6 112 ± 18 180 ± 11 1113±319 
/-----" 
EndF 
CTRL (Ox) 2.1 ± 0.3e 1.1 ± 0.6e 21 ± 2.6 78 ± 6.3e 144 ± 28e 804 ± 4ge 
IF (lx) 2.6 ± OAe 1.5 ± 0.ge 20 ± 3.9 125 ± 6Ae 184 ± 30be 879 ± 45e 
BIOO (lx) 5.8 ± 0.6ab 20 ± 1.3b 23 ± 4.3 204 ± 22b 347 ± 55b 1561 ± 161b 
PIOO (lx) 2.7 ± 0.6e 4.1 ± 1.ge 21 ± 1.5 100 ± 7Ae 226 ± 29be 1156 ± 137be 
BIOO (2x) 804 ± LIa 38 ± 6Aa 21 ± 7.1 274 ± 25a 532 ± 54a 2248 ± 220a 
PIOO ~2x) 304 ± 0.5be 7.7 ± 0.3be 20± 2.6 114 ± 12e 231 ± 24be 995 ± 121be 
Note: Values are the mean ± standard error (n=4, exeept * indieates n = 3). Within a eolumn and at eaeh 
sampling date, means followed by different lowerease letters are signifieantly different (P<O.05, Tukey 
test). 
ND= not determined 
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Table 2. The NH4-N consumption (CA) and N03-N consumption (CN) rates in soils (0-15 
cm) from a hybrid poplar plantation. Soils were collected shortly before fertilizer 
application (PreF), about 1 month after fertilizer application (PostF) and just before leaf 
senescence (EndF). 
Treatment CA CN 
mg NH4 kg-l soil datl mg N03 kg-l soil datl 
PreF 
CTRL (Ox) 17 ± 0.8 25* 
IF (lx) 17 ± 0.7 39 ±7.5 
BIOO (lx) 16 ± 0.6 ND 
PIOO (lx) 20 ± 1.4 33 ± 0.2 
BIOO (2x) 16 ± 0.3 ND 
PlOO {2x} 20 ± 2.1 45 ± 4.1 
PostF 
CTRL (Ox) 22 ± 1.6ab 9.7 ± 1.3b 
IF (lx) 24 ± 0.8a 17 ± 2.5b 
BlOO (lx) 31 ± 1.3a 33 ± 4.5ab 
PIOO (lx) 19 ± 5.4ab 32 ± 2.3ab 
BIOO (2x) 34 ± 2.5a 23 ± 5.0b 
PIOO (2x) 6.8 ± 2.3b 55 ± 14a 
EndF 
CTRL (Ox) 20 ± 1.7b 16 ± 3.3c 
IF (lx) 22 ± 0.8b 18 ± 5.5c 
BIOO (lx) 25 ± O.2b 68 ± 6.3b 
PIOO (lx) 22 ± 0.8b 28 ± 7.6e 
BlOO (2x) 34 ± 2.7a 103 ± lIa 
PIOO (2x) 22 ± O.4b 46± 8.0be 
Note: Values are the mean ± standard error (n=4, *n=l). Within a column and at each sampling date, means 
followed by different lowercase letters are significantly different (P<O.05, Tukey test). 
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Fig.1. Net N mineralization and nitrification in incubated soils (0-15 cm) from a hybrid 
poplar plantation. Soils were collected just before fertilizer application (PreF), 1 month 
after fertilizer application (PostF) and just before leaf senescence (EndF). Bars with the 
same letter are not statistically different (P<0.05, Tukey test). 
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Fig.2. Gross N mineralization and nitrification rates in incubated soils (0-15 cm) from a 
hybrid poplar plantation. Soils were collected just before fertilizer application (PreF), 1 
month after fertilizer application (PostF) and just before leaf senescence (EndF). Bars 
followed by the same letter are not statistically different (P<0.05, Tukey test), and the 
absence ofbars indicates missing values. 
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CONNECTING PARAGRAPH TO CHAPTER 5 
In the previous chapter we monitored the soil N transformation processes (mineralization, 
nitrification and immobilization) in the fertilized hybrid poplar plantation during one 
growing season. Laboratory incubations using standardized physicochemical conditions 
allowed practical treatment comparisons. As we noted from chapter 4, a large mineraI N 
pool was present at the end of the growing season mainly from papermill biosolids. The 
pool was found to decrease in the following year yet showed no difference between 
treatments. Potentially the mineraI N pool released from the organic fertilizers at the end 
of the season could be lost through denitrification or leaching. Using the gross 
nitrification data from chapter 4, we attempted to determine the potential denitrification 
rates under optimal conditions of moisture, temperature, incubation time and in the 
absence of plant growth and leaching. 
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CHAPTER 5. UNBIASED DENITRIFICATION RATES OF 
ORGANICALLY-FERTILIZED SOILS FROM A HYBRID POPLAR 
PLANTATION 
5.1 Abstract 
In soil incubations, the acetylene (C2H2) inhibition method is often used to evaluate 
denitrification potential, an important indicator of nitrogen loss from fertilized 
agricultural soils. However, C2H2 blocks N03-N production from nitrification and 
denitrifier activity may be limited by an insufficient N03-N supply. The objective ofthis 
study was to achieve unbiased denitrification rates and identify the soil variables that 
affected denitrification and N20 production in incubated soils. Soils were collected before 
fertilizer application, after fertilizer application and at the end of the growing season from 
a hybrid poplar plantation with replicated experimental plots that received the following 
fertilizer treatments: papermill biosolids, pig slurry, inorganic fertilizer and unfertilized. 
Prior to soil incubation with acetylene (10% v/v), we added N03-N at a rate equivalent to 
the daily N03-N production rate and measured denitrification rates at the three sampling 
times. There was greater denitrification from biosolids-treated soils when the N03-N was 
supplied at the daily N03-N production rate,than other soils suggesting that labile organic 
C were limiting the denitrifier activity. When soluble C was added, denitrification rates 
were higher in biosolids-treated soils than unfertilized soils probably due to changes in 
soil properties (increase in pH, Ca concentration and soil organic matter content) 
following biosolids application. Our results suggest that biosolids may influence 
denitrification by modifying the extractable Ca concentration and soil pH, in addition to 
the N03-N and available C they may supply to denitrifiers. 
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5.2 Introduction 
In the context of reducing greenhouse gas emissions from fossil fuel combustion while 
promoting carbon sequestration, attention is being directed towards biomass production 
as a sustainable and renewable energy source. Owing to its distinctive morphological 
characteristics and its rapid growth, short-rotation hybrid poplar (Populus spp.) plantation 
is considered to be weIl suited to meet the wood and bioenergy crop industries while 
offsetting CO2 emissions. 
In eastem Canada, most ofthe short-rotation hybrid poplar plantations are established 
on land with inherently low soil fertility. The application of fertilizers is thus required to 
achieve high biomass production (Dickmann et al., 2001). In Québec, large quantities of 
organic by-products such as papermill biosolids and pig slurry are generated from 
industrial and agricultural enterprises (Désilets, 2000; Chantigny et al., 2004). Although 
effective at promoting hybrid poplar growth and improving soil quality (Lteif et al., 
2007), organic fertilizers cannot be tilled into the soils of a hybrid poplar plantation 
because this could damage tree roots. Consequently, N losses via NH3 volatilization and 
denitrification are expected from these fertilizers (Rochette et al., 2001). 
Most of the NH310st from organic fertilizers probably occurs within a few days of 
application (CRAAQ, 2003), but denitrification can persist during the growing season as 
decomposing organic fertilizers increase the soil N03-N content and provide soluble C 
that serves as an electron donor in the denitrification pro cess (Paul and Beauchamp, 
1989). The N20 emissions were reported to be 2 to 8 times greater from soils receiving 
organic fertilizers, such as manure, plant and papermill residues, than inorganicaIly 
fertilized or unfertilized soils (Paul and Zebarth, 1997; VaIlejo et al., 2006; Baggs et al., 
2002). However, the magnitude and timing ofN20 emissions from organically-fertilized 
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soils is variable and related to the decomposition rate of the fertilizer. Papermill biosolids 
are expected to decompose more slowly and supply bioavailable carbon and mineraI N 
(mainly N03-N) later in the growing season when they are left on the soil surface rather 
than tilled into the soil (Entry et aL, 1996; Petersen et aL, 1996). The decomposition of 
papermill biosolids could deplete the soil 02 supply, creating anaerobic micro sites 
favorable for denitrifying bacteria. In contrast, pig slurry with a 10w C:N (3.6:1) would 
supply readily-decomposable organic C as weIl as readily-mineralizable N soon after 
application (Rochette et aL, 2000; 2001). We hypothesize that pig slurry application 
would stimulate denitrification rates early in the season while soils receiving papermill 
biosolids would have greater denitrification rates at the end of the season. 
Acetylene inhibition is a simple yet robust and inexpensive laboratory technique that 
can reliably monitor and quantify potential N20 production (Tiedje, 1994). However, a 
major drawback of the method is that acetylene blocks N03-N production through 
nitrification (Walter et aL, 1979). If denitrifiers deplete the N03-N supply during the 2-4 
day incubation, the denitrification rates would be under-estimated. Sorne researchers have 
added N03-N and soluble C to ensure sufficient substrate for denitrifiers during the as say, 
but supplying more substrate than produced naturally would over-estimate denitrification 
rates (Lalisse-Grundmann et aL, 1988; Ellis et aL, 1996). In addition, the denitrification 
process can be inhibited when an ex cess ofN03-N is present, affecting the interpretation 
of denitrification rates (Lalisse-Grundmann et al., 1988). One way to improve detection 
ofN20 emitted from soils and to achieve unbiased denitrification rates would be to add 
N03-N at a level that is equivalent the gross N03-N production rate for the soil. 
Our goal was to evaluate the unbiased denitrification rate of soils from a hybrid poplar 
plantation that received organic fertilizers (papermill biosolids and pig slurry), inorganic 
102 
fertilizers or were unfertilized. We also used exploratory path analysis to identify the soil 
variables that affected denitrification and N20 production in these soils. 
5.3 Materials and methods 
5.3.1 Site and experimental design 
This study took place in a hybrid poplar plantation (Populus trichocarpa x Populus 
deltoides clone 3225), established in 2001 on a marginal agricultural field in St. Camille, 
Québec, Canada (45°40'36"N, 71°44'13"W). The climate in this region is continental 
with four seasons, with a mean annual temperature of 5.34°C and annual precipitation 
(rainfall and snowfall) of about 1110 mm at the St. Camille/Wolfe weather station 
(Environment Canada, 2005). The soil was a Magog stony loam of the Orthic Gleysol 
subgroup (fine loamy, mixed, neutral, cool, perhumid), imperfectly drained and occurring 
on a gentle «1 %) slope. Soil texture was clayey loam (390 g sand kg-l, 320 g silt kg- I and 
290 g clay kg-l) with 30 g organic C kg- I and pH waterof 5.6. 
The soils selected for this study came from a larger field experiment described by 
Lteif et al. (2007). Briefly, the field experiment was laid out in a randomized complete 
block design with ten fertilizer treatments replicated in four blocks. Each experimental 
plot contained 16 trees (i.e., 4 x 4 trees), and fertilizer treatments were applied to the four 
trees (25 m2) in the middle of each plot during the 4th year (2004) and 5th year (2005) after 
plantation establishment. Six fertilizer treatments were considered, namely papermill 
biosolids at two application rates, pig slurry at two application rates, inorganic NP 
fertilizer, and the unfertilized control (no N or P fertilizers added), for a total of 24 
experimental plots. 
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Fertilizer treatments were applied by hand around the four trees in the middle of the 
plot « lm from the trunk) in mid-May of2004 and 2005, and left on the soil surface 
(unincorporated). The fertilizer recommendation for field-grown deciduous trees in the 
study region is 35 kg N ha-l and 30 kg P2ÛS ha-l (CPVQ, 2000). The inorganic NP 
fertilizer (IF) was applied at this rate, while papermill biosolids and pig slurry were 
applied at rates equivalent to 35 and 70 kg N ha-l (lx and 2x rates), based on N 
mineralization and N losses expected during the growing season in Quebec (CPVQ, 2000; 
CRAAQ, 2003). We applied about 39 and 78 Mg ha-l (wet weight basis) ofpapermill 
biosolids in the BIOO (lx) and BIOO (2x) plots, respectively. Biosolids came from a 
Domtar Inc. papermill in southwestem Quebec and contained, on average, 26 g total N 
kg-l, 78 kg H2Û kg-l and had a C/N ratio of 16. Pig slurry was applied at rates equivalent 
to 21 and 42 Mg ha-l (wet weight basis) to PIOO (lx) and PIOO (2x) plots. Pig slurry came 
from a piggery near St. Camille, Québec and contained an average of 462 g total N kg-l, 
99.3 kg H2û kg-l and had a C/N ratio of 0.72. Due to the low Mehlich-III extractable K 
concentration (45 mg kil) at the site, aIl plots received 30 kg K2û ha-l from potash in 
May 2004 and 2005, but the unfertilized control (CTRL) did not receive any Nor P 
fertilizer during the study. 
5.3.2 Soil sampling and analysis 
Soil samples were collected from the 24 experimental plots at three dates in 2005: before 
fertilizer application in May (PreF), about 1 month after fertilizer application in June 
(PostF) and before leaf senescence in October (EndF). Soil samples (0-15 cm) were the 
composite of four subsamples (about 500 g each) collected from within 1 m ofeach 
fertilized tree, coarsely-sieved «6 mm) and transported to the laboratory on ice to 
minimize microbial activity. Soils were sieved a second time «4 mm mesh) to remove 
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plant residues and stored at 4°C until analysis. A subsample was taken to determine the 
gravimetric soil moi sture content (105°C for 48 h). 
The mineraI N (N03-N) concentrations were determined in 0.5 M K2S04 (1 :10 
soil:extractant) using the Quick-Chem AE autoanalyzer (Quick-Chem AE autoanalyzer, 
Lachat Instruments Milwaukee, WI, USA). A portion of each composite soil sample was 
air dried and ground to pass through a 2-mm sieve. Soil organic matter (OM) content was 
determined by loss on ignition (360°C for 4 h) (Schulte et al., 1991). Soil pH was 
measured in a1:2 soil:water suspension. Available P, K, Ca, and Mg were extracted 
using the Mehlich III solution, and analysed colorimetrically or by atomic absorption 
spectrometry. 
Microbial biomass nitrogen and carbon (MBN and MBC) in field-moi st soil was 
determined using the chloroform fumigation-direct extraction method (Brookes et al., 
1985; Vance et al., 1987). Fumigated and unfumigated field moist soils were extracted 
with O.5M K2S04 (1:4 soil:extractant) and then subjected to persulfate digestion (Cabrera 
and Beare, 1993). The MBN was calculated as [(total N in digests offumigated soils-
total N in digests ofunfumigated soils)/kEN] where kEN is the extraction coefficient 0.54 
(Brookes et al., 1985). The dissolved organic C (DOC) in the fumigated and unfumigated 
soil extracts was analyzed with a Shimadzu TOC-V carbon analyzer (Shimadzu 
Corporation, Kyoto, Japan). The MBC was calculated as [(DOC in fumigated soils-
DOC in unfumigated soils)/kEcJ where kEC is the extraction coefficient 0.45 (Wu et al., 
1990). 
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5.3.3 Gross nitrification rates 
5.3.3.1. Isotope pool dilution and enrichment 
The potential gross nitrification rate was estimated from the change in size and isotopic 
composition ofsoil inorganic N pools ct4+1SN03-N pools) using disturbed soil cores in the 
lab (Hart et al., 1994; Cookson et al., 2002). Two cores were prepared for each soil 
sample collected at the three sampling times (432 cores in total). One core contained 25 g 
of field-moist soil, prepared for extraction within 15 min of adding the lSN solution (to), 
and the second core contained 150 g of field-moi st soil, which was incubated for 48 h 
after lSN solution was added (t48). The 25 g soil sample was packed to a bulk density of 
0.61 g cm-3 in a 120-ml polyethylene core, while the 150 g soil was packed to bulk 
density in a 10 cm x 5 cm cylinder core. The difference in core size and soil weights was 
due to a limitation in the amount of soil available for this analysis. 
To readily detect isotope dilution without increasing the N03-N pool size 
substantially, we added 25 mg 14+15N kg-1 soil with a solution containing 5.016 atom% 
15N from K15N03 to soils with less than 10 mg 14+15N03_N kg-1 and 50 mg 14+15N kg-1 soil 
containing 10.042 atom% 15N from K15N03 to soils with more than 10 mg 14+15N03_N kg-
1. The 15N-Iabeled solutions were injected uniformly into the soil using an automatic 
pipette (25 g of soil) or a 60-mm si de-port spinal-needle (150 g of soil). The soil moisture 
was adjusted to 60% water-filled pore space to stimulate microbial activity (Doran et al., 
1990). Cores containing 25 g of soil were extracted 15 min after 15N addition with 0.5 M 
K2S04 solution (1:4 .soil:extractant), but cores containing 150 g of soil were placed in 1 L 
Masonjars and aerobically incubated in the dark at 21 Oc for 48 hrs. Then, the soil was 
removed from the core, homogenized and was extracted with 0.5 M K2S04 solution (1:4 
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soil:extractant). Soil extracts were frozen until mineraI N pool size and atom % 15N 
enrichment were determined. 
5.3.3.2. Diffusion and isotope ratio mass spectrometry analysis 
The 15N0 3-N enrichment in the N03-N pool was determined following a modification of 
the acid diffusion procedure described by Brooks et al. (1989). The use of 15N-Iabeled 
standards indicated that more than 95% of the 15NH4-N and 15N0 3-N was recovered with 
this procedure. Briefly, we used 5 min diam. disks cut from glass filter paper (Whatman 
GF/D) that were placed in a muffle fumace at 500 oC for 2 h and acidified with 15 ~l of 
2.5M KHS04. Two acidified filter disks were then sealed in Teflon tape and acid-washed 
polyethylene cups were prepared. We found that soil extracts from to and t48 in the isotope 
pool dilution and enrichment procedure contained between 0.06 to 36.5 ~g ri as N03-N. 
Therefore, we pipeted 5 ml ofK2S04 extracts containing less than 10 ~g ri of minerai N 
into the acid-washed cups and spiked with 15 ml of 15 mg NH4-N ri solution containing 
1.0016 atom % 15N. When the extract contained more than 10 ~g ri of minerai N, we 
pipeted 1 ml of the K2S04 extract into the acid-washed cup, spiked with 15 ml of the 
same solution, and added 4 ml of 0.5 M K2S04 solution. Spiking was needed to achieve a 
good recovery of the 15N tracer; in addition, the total NH4-N concentration in the cup was 
kept below 300 ~g so that isotope discrimination between N isotopes could be minimized 
(Bradley and Fyles, 1996). 
The isotopic abundance ofN03-N was determined by adding 0.4 g of Devarda's 
alloy, 0.2 g ofMgO, several glass beads and two filter disks sealed in Teflon tape to each 
cup before it was sealed. The contents were mixed gently by hand once or twice a day for 
the next 7 d, then the filter disks were dried in a dessicator over concentrated H2S04, 
packed into tin capsules and sent for isotopic ratio mass spectrometry analysis (University 
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of Califomia at Davis Stable Isotope Facility). The potential gross nitrification rate was 
estimated from the 15N03-pool dilution in the 15N labeled samples (to and 48) using the 
equations of Kirkham and Bartholomew (1954). 
5.3.4 Unbiased denitrification experiment 
This experiment used composite soil samples from the 24 experimental plots, collected at 
three sampling times (PreF, PostF, EndF), for a total of72 experimental units. 
Approximately 25 g of field-moi st soil was weighed into a 157 mL serum bottles. The 
soils received a N03-N input (from KN03 solution) equal to the dai1y N03-N production 
rate, calculated as the average gross nitrification rate from PreF, PostF and EndF soils 
(Table 1). No glucose was added. Soil moisture was then adjusted to 84% water-filled 
pore space (assurning a partic1e density of2.65 g cm-3) with deionized water, which is 
reported to be optimal for denitrification (Abbasia and Adams, 2000). AIl bottles were 
sealed with but yI rubber (Balch) stoppers, evacuated and flushed three to four times with 
Ar to remove O2 and ensure anaerobic conditions. After venting the headspace to 1 
atmosphere pressure, we removed 10 % (v/v) ofheadspace gas and injected 10 % (v/v) 
C2H2 to inhibit nitrate reductase (Walter et al., 1979; Lalisse-Grundmann et al., 1988). 
BottIes were then incubated in the dark at 21°C and sampled after 72 h. The headspace 
gas of each bottle was sampled and 20 ml was transferred to a pre-evacuated 12 mL 
exetainers (Labco, Wycombe, U.K.) and stored at room temperature until N20 was 
analyzed on a Hewlett Packard 5890 Series II gas chromatograph had poropak Q colurnn 
equipped with an ECD detector (Hewlett Packard, A vondale, PA, USA). 
Sorne of the bottles had N20 concentrations in the headspace that were exceptionaIly 
high (above 1000 ppm N20, our highest standard). We diluted these samples (10 mL of 
headspace gas: 60 mL of ambient air) manually at 1 atmosphere pressure with a three-
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way stopcock. This requires dexterous manipulation of the three-way stopcock to ensure 
proper purging, mixing and venting of the gases at a constant atmospheric pressure. The 
headspace gases were mixed with ambient air in the 60 mL syringe, and 3 - 4 mL of gas 
was vented before the diluted sample was injected into the gas chromatograph. The 
accuracy of manual dilution was verified with N20 gas standards. 
5.3.5 Potential denitrification experiment 
Using the acetylene inhibition method described above, afactorial experiment with two 
factors: C concentration and N03-N concentration was designed to assess which ofthese 
substrates potentially limit denitrification. There were four levels of C input trom glucose, 
namely 0, 120, 240 and 600 mg C kg- I dry soil and two levels ofN03-N addition trom 
KN03 (0 and 100 mg N03-N kg- I dry soil). Replicate soils were trom the CTRL plots and 
the B100 (2x) plots (8 composite soil samples) of the hybrid poplar plantation collected 1 
month following fertilizer application, giving 64 experimental units. 
Approximately 25 g of field-moi st soil was placed in a 157 mL serum bottle, at a bulk 
density of about 0.61 g cm-3, and solutions containing glucose and N03-N were added. 
Soil moi sture content was then adjusted to 84% ofwater-filled pore space and bottles 
were incubated in the dark at 21°C for 72 h. In a preliminary test, we observed an increase 
in N20 production as the length of the incubation increased trom 24 to 96 h, although the 
difference in denitrification rates at 72 h and 96 h was not significantly different (P>0.05, 
t-test) for the test soils (data not shown). The headspace gas of each bottle was sampled 
and 20 ml was transferred to a pre-evacuated 12 mL exetainers (Labco, Wycombe, U.K.) 
and stored at room temperature until N20 was analysed on a Hewlett Packard 5890 Series 
II gas chromatograph had poropak Q column equipped with an ECD detector (Hewlett 
Packard, A vondale, PA, USA). 
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5.3.6 Statistical analysis 
Prior to analyses, the data were tested for normality using the Kolmogorov-Smimov test 
(PROC UNIVARIATE procedure of SAS, SAS System 9.1, SAS Institute Inc., Cary, NC) 
and were transformed (loge- , sin, power3) when required to adjust for normality and 
stabilize variance. The effect of fertilizer treatments on unbiased denitrification rates was 
evaluated for each sampling date using a one-way analysis of variance with SAS 
statistical software. Significant effects were then analyzed using a Tukey multiple 
comparisons test at the 95% confidence level. Values in graphs are untransformed means 
± standard errors (n=4 unless otherwise mentioned). Differences in unbiased 
denitrification rates among the N03-N levels within each treatment were analyzed using a 
t-test followed by a linear regression to determine treatment significance (Microsoft 
Excel, Office 2003). 
The causal relationships between the unbiased denitrification rate and soil properties 
(pH, OM, N03-N, DOC, DON, MBN, MBC, P, K, Ca and Mg) were evaluated using 
exploratory path analysis. The correlation matrix for path analysis was generated using a 
normalized dataset (n=45) with the PROC CORR function of SAS. To avoid 
multicollinearity, we removed predictor variables with a variance inflation factor greater 
than 3. Path coefficients, their significance level and the fit ofthe structural model were 
calculated using the PROC CALIS function in SAS. The path coefficients correspond to 
the standardized partial regression coefficients. We used the Goodness of Fit Index (GFI), 
the Normed Fit Index (NFI) and the t statistic as indices of the model fit. When GFI and 
NFI are greater than 0.9 and the i statistic is non significant, the predicted covariance 
matrix is considered to be in good agreement with the observed covariance structure in 
the data (Hatcher, 1994; Schumacker and Lomax, 2004). 
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5.4 Results 
5.4.1 Unbiased denitrifieation in soils from a hybrid poplar plantation 
Although all soils received a N03-N input that corresponded to the potential gross 
nitrification rates, there was no difference in the unbiased denitrification rates of the 
fertilizer treatments at the PreF sampling date (Fig. 1). However, soil from the B100 (2x) 
plots had greater (P<0.05, Tukey test) denitrification rates than soil from the CTRL, IF, 
P100 (lx) and P100 (2x) plots at PostF and EndF sampling dates (Fig. 1). 
5.4.2 Potential-denitrifieation experiment 
Denitrification rates were not affected by the N03-N suppl y in the CTRL and BI 00 (2x) 
treatments when no carbon was applied (Fig. 2). When we examined the denitrification 
rates in soils amended with C, the optimal carbon levels for denitrification were not 
obvious when no N03-N was supplied, but a clearer pattern emerged when 100 mg N03-
N kg-1 was supplied to soils from CTRL and B100 (2x) plots (Fig. 2). There was little 
increase in N20 production when more than 120 mg C kg-1 was supplied (Fig. 2). 
5.4.3 Effeet of nitrate supply 
During the incubation period, N03-N supply corresponding to the gross production rate 
ranged between 20 and 89 mg N03-N kg-1 dry soil. Irrespective ofthe N03-N supply, 
unbiased denitrification rates remained between 0.22 and 0.34 !-tg N20 -N g-l soil h-1 in IF 
and P100 treated soils and were not significantly different from the control (t-test) (Fig. 
·3). However, significantly higher denitrification rates (P<0.05, t-test) were observed 
when soils from the B100 plots were incubated with N03-N supplied at rates 
corresponding to the daily N03-N production (Fig. 3). 
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5.4.4 Soil properties affecting unbiased denitrification 
Path analysis focused on PostF and EndF sampling dates because there was no difference 
in unbiased denitrification rates at the PreF date. The best fit model for unbiased 
denitrification rate (GFI= 0.997, NFI = 0.999 and nonsignificant "l, P=0.569) was 
described in the path diagram (Fig. 4). The DOC concentration was eliminated from the 
path analysis due to its high intercorrelation with the Ca concentration (r=0.83, P<O.OOI) 
and OM content (r=0.81, P<O.OI) (data not shown). There was a direct effect of Ca 
concentration on the unbiased denitrification rate, as weIl as indirect effects due to the 
relationships between Ca concentration, OM content and N03-N concentration (Fig. 4). 
Path analysis also revealed a significant (P<O.OOI) direct effect of soil pH on the 
extractable Ca concentration (Fig. 4). Although the OM content also had a significant 
(P<O.OOI) direct effect on the unbiased denitrification rate, the N03-N concentration did 
not (Fig. 4). 
5.5 Discussion 
5.5.1 Unbiased denitrification rates 
It is necessary to quantify gross nitrification rates before attempting to measure unbiased 
denitrification rates. Normally the soils included in the study would produce 2.8 mg N03-
N kil d-l to 35.1 mg N03-N kg-l d-l, based on gross nitrification rates (Table 1). Because 
the acetylene inhibition would inhibit N03-N production, a 3-day supply ofN03-N was 
added to soils before acetylene inhibition. We assumed that this approach would prevent 
N03-N pool depletion and possible cessation of denitrification activity during the 
incubation. 
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Before fertilizers were applied (PreF), the unbiased denitrification rates were similar 
amongst treatments, possibly because there was no difference in the denitrifier 
communities and their potential activities at the study site. However, the unbiased 
denitrification rates were 2-2.5 and 4-6.3 times higher in the B 1 OO-treated soils than the 
CTRL, IF and PIOO-treated soils at the PostF and EndF sampling dates, respectively (Fig. 
1 ). 
Our study showed that there was a marked increase in unbiased denitrification when 
N03-N was applied at the gross production rate in the BI OO-treated soils. In the other 
fertilizer treatments and the unfertilized control, unbiased denitrification was not 
stimulated by the N03-N supply. A key difference between BI00 and the other treatments 
was in the organic C ofthe fertilizers applied. Many studies reported an increase in N20 
emissions upon addition of available C or as labile organic C is released from 
decomposing organic fertilizers (de Catanzaro and Beauchamp, 1985; Weier et al., 1993; 
Rochette et al., 2000; Huang et al., 2004). The BI00-treated soils tended to have more 
soluble C (up to 274 mg DOC kg-l) than other soils (up to 129 mg DOC kg- l) (Table 3), 
which could support more denitrifier activity in the presence of sufficient N03-N supply. 
We propose that the CTRL, IF and PIOO-treated soils had a sufficient N03-N supply for 
denitrification. Since the N03-N supply was apparently not limiting, there must be other 
factors that constrained denitrification in these soils. 
Based on the denitrification rate results and the response of the fertilizer treatments to 
the gross N03-N supply, it appeared that C supply might have limited denitrification in 
CTRL, IF and PIOO treated soils. Although there is no allusion to what factors might have 
limited denitrification rates in BI 00 treated soils, the higher denitrification rates found in 
the EndF sampling dates might be attributed to a higher C availability from the 
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decomposing papennill biosolids. We therefore tried to verify our assumptions by 
conducting a potential denitrification experiment. 
5.5.2 Potential denitrification experiment 
Potential denitrification in soils from the hybrid poplar plantation was strongly affected 
by N03-N and C availability. Since carbon might be limiting in the soils (Fig. 3), adding 
soluble carbon was expected to stimulate denitrifying activity due to the significant role 
ofC as an electron donor in the denitrification process (Bowman and Focht, 1974; 
Myrold and Tiedje, 1985; Lalisse-Grundmann et al., 1988). However, we observed a 
significant stimulation in denitrification only when N03-N was added in both the CTRL 
and BI 00 (2x) treated soils (Fig. 2). These observations may be due to the initial smaU 
N03-N pool size (Table 3) prior to acetylene addition, since soil with < 1 mg N03-N kg-J 
soil has a limited N supply for denitrifiers (Jacobson and Alexander, 1980). 
Adding N03-N to the B100 (2x) treated soils with the initial organic C content (36% 
higher than the CTRL), did not stimulate denitrification activity (Table 3, Fig. 2), perhaps 
because a greater proportion of the organic C found in the papennill biosolids is complex 
and degrade more slowly, thus is made less available to sustain microbial activity early in 
the season. Although we also found that soluble C (glucose) addition increased the 
potential denitrification rate in both the CTRL and BI 00 (2x) treated soils, a maximum 
was reached at 120 mg C kg-Jo The factors that inhibited denitrifier activity when an 
excess of soluble C was added are unknown. Denitrifiers are a diverse group, and not aU 
may possess the enzymes required to use glucose as the C source during denitrification 
(Betlach and Tiedje, 1981). Another limitation could be the rate ofN03-N diffusion to the 
sites of denitrification (Phillips et al., 1978). 
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Adding 100 mg N03-N kg-1 and 120 mg C kg-1 to soils and incubating for 72 h 
appeared to be optimal for denitrification with the acetylene reduction method in both the 
CTRL and B100 (2x) treated soils. However, the papermill biosolids again proved to be 
the main contributor to N20 emissions. Therefore there must be other factors that played 
a major role in stimulating denitrification in these soils. 
5.5.3 Effeet of soil properties on unbiased denitrifieation in hybrid poplar plantation 
It is well documented that soil properties such as pH, OM content, DOC 
concentration, microbial biomass (denitrifier biomass) and mineraI N concentration can 
have a profound effect on the denitrification rate (Jacobson and Alexander, 1980; Paul 
and Clark, 1996). We chose path analysis to explore the re1ationships between soil 
properties and denitrification rates. Path analysis is a structural equation modeling 
technique that partition correlation into direct and indirect effects to identify the 
importance ofhypothesized causal re1ationships. This technique can be used to confirm or 
refute conceptual models describing mechanistic processes when model variables are 
intercorrelated (Hatcher, 1994). Since many soil variables measured in this study were 
intercorrelated, path analysis was an appropriate statistical too1. 
Exploratory path analysis revealed a significant and positive direct effect of the Ca 
concentration on the unbiased denitrification rate. Of the fertilizers added, only biosolids 
provides much Ca and functions as an effective liming agent, increasing the soil pH to 
near neutral (pH 6.7-7.4) (Table 3). The path mode1 revealed that soil pH had a direct 
effect on the Ca concentration. While we are not aware of any reports showing the 
extractable soil Ca concentration to be important for denitrification, it is well known that 
neutral soil pH (pH 6-8) is preferred by most denitrifying bacteria (Paul and Clark, 1996). 
The OM content had a negative effect on the unbiased denitrification rate in the path 
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analysis, suggesting that OM consumption led to denitrification. Generally, the labile 
organic C pool is considered a good predictor of the denitrification process (Paul and 
Clark, 1996), since N20 emissions increase upon addition of available C (de Catanzaro 
and Beauchamp, 1985; Huang et al., 2004). However, the DOC pool, which could contain 
. labile organic C, was exc1uded from the path diagram due to intercorrelation with the Ca 
concentration and OM content. The N03-N concentration did not have a direct effect, but 
was retained in the mode1 because it he1ped to explain the variance associated with the 
unbiased denitrification rate. 
In summary, the greater unbiased denitrification from BI OO-treated soils than other 
treatments was probably due to changes in soil properties (increase in pH, Ca 
concentration and OM content) following biosolids application. Unbiased denitrification 
in other treatments (CTRL, IF and PI00) appeared to be limited by soil conditions rather 
than the N03-N supply. Our results suggest that biosolids may influence denitrification by 
modifying the extractable Ca concentration and soil pH, in addition to the N03-N and 
available C they may supply to denitrifiers. 
5.6 Conclusion 
The unbiased denitrification rates of soils collected from a hybrid poplar plantation were 
detennined using acetylene inhibition method, with N03-N supplied to match the daily 
gross N03-N production rate. Providing N03-N at the gross production rate did not 
predictably increase the denitrification rates in the CTRL, IF, and PI00-treated soils. 
However, much of the N03-N reduction occurred in the BI00-treated soils. Such 
variation in the denitrification rates suggested that other factors besides N03-N, such as 
labile organic C were limiting the denitrifier activity. Exploratory path analysis revealed 
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that the extractable Ca concentration (related to soil pH) and the OM content had 
significant direct effects on unbiased denitrification. Because of the temporal variation in 
the supply of the soluble C from pig slurry and biosolids, we expect that peak N20 
emissions would occur soon after pig slurry application, but several months after 
papermill biosolids applications. However, this remains to be verified under field 
conditions. 
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Table 1. Gross nitrification rates in incubated soils from a hybrid poplar plantation. Soils 
were collected just before fertilizer application (PreF), 1 month after fertilizer 
application (PostF) and just before leaf senescence (EndF). 
Treatment 
CTRL (Ox) 
IF (lx) 
BlOO (lx) 
PlOO (lx) 
BlOO (2x) 
14.3 
25.3±6.80 
20.88±0.44 
Gross nitrification rate 
(mg N03-N kg-1 d-1) 
PostFZ EndFz 
2.80±0.44 9.27±2.l8 
8.73±1.55 9.57±3.24 
21.59±3.73 21.06±3.74 
19.36±2.93 l5.62±4.87 
13.8l±3.72 35.07±5.03 
Average 
y 
6.70 
14.5 
20.7 
18.2 
26 
PlOO (2x) 30.87±3.60 30.36±8.28 28.04±5.96 29.5 
Z Values are the means ± standard errors of 4 samples. 
y Values are the means of 12 samples calculated as the average gross nitrification rate from PreF, PostF 
and EndF soils. 
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Table 2. Chemical properties and extractable nutrients in soils collected 1 month after 
fertilizer application (PostF) and just before leaf senescence (EndF) from a hybrid poplar 
plantation receiving different fertilizer treatments. 
pH OM N03-N DOC DON MBN MBC P K Ca Mg 
Treatment (%) (mg kg- l ) 
PostF 
CTRL(Ox) 5.85 6.48 0.86 97.8 6.97 138 817 7.34 252 962 71.2 
IF (lx) 5.68 8.15 2.93 129 14.1 148 1071 49.3 197 1036 41.7 
B100 (lx) 6.71 11.3 4.22 119 13.3 204 1207 15.3 161 2018 75.3 
P100 (lx) 5.76 7.21 18.21 94.0 8.09 165 931 13.2 307 1048 65.9 
6.68 8.13 132 15.3 212 1014 17.2 88. 1804 68.3 B100 (2x) 2.83 8 
P100 (2x) 5.83 8.12 105.63 112 14.0 180 1113 57.2 672 1187 135 
EndF 
CTRL (Ox) 5.85 5.92 1.1 77.6 21.2 144 804 7.21 313 880 63.0 
IF (lx) 5.67 8.51 1.5 126 20.4 184 879 72.7 170 970 37.3 
B100 (lx) 7.22 13.2 20.2 204 22.6 347 1561 21.4 152 3628 112 
P100 (lx) 5.95 8.25 4.1 99.6 21.0 226 1156 8.12 288 943 50.8 
B100 (2x) 7.42 16.4 38.5 274 20.9 532 2248 35.3 178 5143 145 
PlOO (2x) 5.93 9.18 7.7 114 20.0 232 995 26.6 268 1018 114 
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Fig. 1. Unbiased denitrification rates in incubated soils (0-15 cm) from a hybrid poplar 
plantation. Soils were collected just before fertilizer application (PreF), 1 month after 
fertilizer application (PostF) and just before leaf senescence (EndF). Bars followed by 
the same letter are not statistically different (P<0.05, Tukey test). 
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Fig. 2. Potential denitrification rates as affected by C àdditions, at two nitrate levels (0 
600 
and 100 mg N03 -kg-l dry soil). Soils (0-15 cm) were incubated for 72 h, and came from 
the replicated CTRL and BI 00 (2x) plots one month after fertilizer application in a 
hybrid poplar plantation. Error bars represent standard error of the mean (n=4). 
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Fig. 4. Exploratory path model describing hypothesized causal relationships between soil 
variables and unbiased denitrification rate (N20). Soil variables inc1ude: OM = organic 
matter content; Ca = Mehlich-3 extractable Ca concentration. Single-headed arrows 
indicated a hypothesized direct causal relationship. For each effect path, standardized 
path coefficients are given (significant at * P<O.05, ** P<O.01 and *** P<O.001, or non-
sigtJificant, NS). Marginally significant or non-significant paths coefficients are 
indicated with a dotted line. The residual variables (U) indicate the contribution of all 
unmeasured or unknown factors to the response variables. 
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GENERAL CONCLUSIONS 
The Canadian govemment has made a commitment to reduce net emlSSlons of 
greenhouse gases below 1990 levels. Strategies for effective greenhouse gas mitigation 
might faU into both the enhancement of carbon sinks and the use of renewable energy 
sources. Short-rotation hybrid poplar plantations provide a means of capturing and 
sequestering carbon as they grow. When used as a biofuel, hybrid poplars provide a 
renewable energy source that can offset atmospheric CO2 emissions from buming fossil 
fuels. 
Many hybrid poplar plantations in Québec were established on marginal or degraded 
agricultural land. These marginal lands are characterized by low organic matter content 
and feature low inherent soil fertility and other production constraints (e.g., low pH). 
Adding fertilizers to provide N, P and K, and liming to adjust soil pH during stand 
establishment is required to achieve high biomass production in hybrid poplar 
plantations. Potential organic fertilizers for hybrid poplars are papermill biosolids and 
pig slurry, both being produced in large quantities in Québec and feature good physical 
and chemical properties. 
In the present study, our objectives were to assess the fertilizer value of papermill 
biosolids and pig slurry N-rich byproducts on tree growth, foliar nutrition, soil fertility, 
microbial activities and N transformations in the hybrid poplar plantation. In evaluating 
the economic benefits of organic fertilizers to improve soil quality and growth of hybrid 
poplar within a "green economy", it will be important to address a wide range of 
environmental concems. 
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Pig slurry was found to be a source ofNH4-N early in the season. Papermill biosolids 
was more slowly decomposed throughout the growing season, and it was not until the 
end of the season that it became a source of NH4-N and N03-N. Only when applied 
together did these organic fertilizers significantly improved tree growth and foliar N 
content. Further assessment of foliar nutrition with the ev A and eND methods revealed 
that foliar N and P concentrations were limiting to trée growth. However, evaluating 
foliar tree nutrition to fertilizer treatments was difficult to perform in our study relating 
this to the late leaf collection time. More careful selection of sampling time is needed to 
reveal differences between the treatments and improve the predictions that can be made 
with these diagnostic tools. Nevertheless, we consider that the eND method could 
provide more insight into the nutrient value of organic fertilizers in future studies. 
In the absence of plants or leaching, N pools from pig slurry and papermill biosolids 
treated soils are more likely to undergo nitrification than mineralization. Although an 
increase in N03-N concentration in pig slurry-treated soils may not stimulate 
denitrification rates, biosolids-treated soils contain carbon substrates and have soil 
chemical properties (related to soil pH) that may favor denitrification. The fate of N 
released from these organic fertilizers, especially through denitrification, requires further 
study. The expected increase in N20 emissions from denitrification following the 
application of these organic fertilizers is a major environmental concem that might offset 
the benefits gained from sequestering carbon in tree biomass. To assess the potential of 
these organically fertilized plantations in carbon sequestration and mitigation of 
greenhouse gas emissions, nitrogen and carbon budgets should be evaluated under field 
conditions. 
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CONTRIBUTION TO KNOWLEDGE 
The experiments conducted in this thesis provide the following important contributions 
to knowledge: 
1. The study focused on the tree-growth effects of the applied fertilizers and the soil 
chemical and microbial effects. 
2. 1 found that hybrid poplars grew better when they received a combination of 
papermill biosolids and pig slurry than when these fertilizers applied separately. 
3. 1 evaluated the nutrient status ofhybrid poplars, based on foliar nutrient 
concentrations, using three different approaches: CV A, CND and VA. 
4. CND was used for the first time to calculate nutrient indices ofhybrid poplars and 1 
found that the CND nutrient imbalance indices were related to hybrid poplar growth. 
Trees with balanced foliar nutrition grew taller and had a larger trunk diameter than trees 
with a greater nutrient imbalance in their foliage. 
5. 1 found that papermill biosolids functioned as a liming agent, probably because Ca is 
added to flocculate the biosolids before this material is collected and land applied. 
6. Whenapplied together, papermill biosolids and pig slurry provided more extractable 
P and mineralizable NH4-N than when applied separately. 
7. Biosolids-treated soils stimulated mineralization and nitrification processes more 
than immobilization and resulted in a pool of residual mineraI N and more microbially-
associated N just before leaf senescence. Thus, it appears that pig slurry may be a better 
choice than papermill biosolids for surface application in a hybrid poplar plantation. 
8. 1 developed a method for assessing unbiased denitrification rates, measured by the 
acetylene inhibition method and found that denitrification was affected by the N03-N 
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supply in soils with a high input oflabile C (biosolids treatment), but not in treatments 
with a low C input. The variation in the denitrification rates suggested that other factors 
besides N03-N, or labile organic C were limitingthe denitrifier activity. 1 found that the 
extractable Ca concentration (related to soil pH) and the OM content had significant 
direct effects on potential denitrification, however, the mechanisms remain to be 
determined. 
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Appendix 1-Physical and chemical composition ofpapermill residues 
Mixed Mixed Mixed Biosolids 
paper-mill paper-mill paper-mill (10 and 2° 
Parameter biosolids residues biosolids treatments+ Biosolids Biosolids Biosolids Biosolids Biosolids 
de-inking 
(Av. values) (Range) (Av. values) residues) 
Dry matter (%) 22.21 20-44 27 39.1 28.5 31.3 43 28.4 
pH 7.91 3.43-8.45 6.7 8.0 6.8 5.2 7.4 5.3 
OM(%) 78-96 80 80 78.3 79.4 89.5 77.8 84.9 
OC(%) 38.82 45.5 46.2 
CIN 19.01 12-46 23 17 28 15 
Fertilizing elements (mg kg-] dry) 
TotalN 20421 3900-46000 23711 30000 16500 29800 24900 15300 24700 
N-NH4 216 60-13200 1051 1176 337 
N-N03 0-188 0.2 0.32 
TotalP 2757 800-9200 9554 (P20 5) 7400 2499 3996 3800 3900 4500 
Total K 1132 300-3300 2163 1700 1392 2087 500 1300 1400 
Ca 64714 600-9200 9341 21991 6092 5500 23100 5300 
Metal Concentration (mg kg-] dry) 
Al 6507 
B 11 33.6 22.2 22.5 40.3 23.8 
Cd 7.l 1.7 0.9 0.9 
Cu 25 123 16 12.8 100 15.2 
Fe 6736 1303 2870 
Mg 2350 600~1600 820 951 844 400 1100 700 
Mn 583 75 41 
Na 1979 1761 4979 
Zn 381 75 41 73.5 64.8 239.4 
Al +0.5 Fe 9875 1664 2837 1605 
Dioxins and furan (pg EQT/g dry) 0.5 
BPe tot ND 
Pathogens 
Fecal coliform coune NPPI g 151 15784 2842 8865 
Salmonella (NPPI 4g dry) <2.2 
Domtar 
Inc., Chabot Beaulieu Désilets N'Dayegamiye Huard Reference (personal 
communica (2000) (2000) (2000) (2000) (2000) 
tionl 
zThe MEV 1imit for fecal coliforms is 2*10 6 NPP/g, when biosolids are not incorporated into the soil (Huard,2000). 
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Appendix 2-Physical and chemical composition of pig slurry 
Parameter 
Conductivity (dS m-I) 
Density (g cm-3) 
pH 
Ash (g kg-Il 
Dry matter (g kg -1) 
Total Solids (TS) (%) 
OM (gkg-I) 
CIN Org (solid phase) 
CINTot 
N total (g kg-Il 
N org (g kg-Il 
N inorg (g kg-Il 
N- NH4 (g kg-Il 
P total (g kg-Il 
P org (g kg-Il 
P inorg (g kg-Il 
K (g kg-Il 
Ca (g kg-Il 
Mg (g kg-Il 
Na (g kg-Il 
Chlorides (g kg-Il 
Al (mgkg-I) 
Cu (mg kg-I) 
Fe (mg kg-Il 
Mn (mg kg-I) 
Mo (mgkg-I) 
Pb (mg kg-I) 
Zn (mgkg-I) 
Pathogens 
Thermotolerant coliforms (CFUY 100mr l ) 
E-coli (CFU 100mr l ) 
Salmonella (MPNU 100mr l ) 
Campylobacter (MPN 100mr l ) 
Rotavirus 
Erysip. rhusiopathiae 
Reference 
SIUlT)'" 
(Av. Values) 
n=151 
15.59 
1.015 
7.59 
9.04 
32.41 
23.31 
24.9 
3.57 
3.22 
·0.75 
2.61 
1.86 
0.82 
0.138 
0.661 
1.008 
1.103 
0.222 
0.235 
0.912 
35.9 
13.3 
75 
12.3 
0.29 
0.29 
24.7 
Sl~ 
(Av. Values) 
n=36 
17.9 
1.006 
7.43 
2.27 
2.58 
0.57 
2.01 
0.76 
2.26 
10.8 
1.12 
Slurry" 
(Av. Values) 
n=29 
1.2*105 
1.03*105 
ND-51 
ND-930 
ND 
ND 
Sanchez and Moral et al. Chinivasagam 
Gonzalez (2005) (2005) et al. (2004) 
SlurryW 
(Av. Values) 
n=20 
6.4-22.1 
1.02 
0.56-8.5 
59-74 
0.862-2.355 
2.7-4.834 
0.344-3.792 
0.105-0.270 
0.294-2.108 
0.204-0.330 
Diez et al. 
(2004) 
Z Mean composition values of slurry for animaIs in different physiological states under different types of 
operations (n=151 samples from 83 farms) 
y Mean composition values of siurry for animaIs with different production stages (n=36 samples from 36 
farms) 
x Levels of selected pathogens in piggery effluents in Southeastem Queensland (n=29 samples from 13 
piggeries) 
W Range composition values ofpig slurry during 3 years (n=20 samples) 
y CFU = Colony forming unit 
U MPN= Most probable number 
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